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Mechanical forces are known to interact with developmental dynamics and post-natal
growth processes. The aim of this thesis was to investigate the role of mechanical
force in craniofacial development and growth at the molecular, cellular and organ
levels by using different models. The craniofacial phenotype of mice with a mes-
enchymal conditional deletion of Pkd2 (Pkd2fl/fl;Wnt1-Cre) was examined using
histology, µ-CT imaging, in situ hybridisation and synchrotron X-ray microtomog-
raphy. It was shown that Pkd2fl/fl;Wnt1-Cre mice present growth anomalies mostly
located in organs subjected to post-natal mechanical stress. The facial features of
patients with PKD1 mutations were then studied by 3D photography and dense sur-
face modelling. Specific facial features in these patients were identified and indicated
that PKD genes may be involved in human craniofacial growth. In order to further
illustrate the interactions between craniofacial growth and external constraints, the
craniofacial structure of a series of skulls with intentional deformations was exam-
ined by 3D cephalometry, wall thickness analysis and haptic-aided semi-automatic
segmentation. Intentional modifications of the skull vault induced changes in the
shape of the orbits and the maxillary sinuses, as well as local changes in vault bone
thickness. The effects of external constraints on soft-tissues were studied through
the brain anomalies in four fetuses with extreme skull malformations occurring in
FGFR2 -related craniosynostoses. Characteristic brain anomalies were described in
FGFR2 -related craniosynostoses, that were related both to FGFR2 hyperactiva-
tion and to abnormal mechanical stress. Mechanotransduction at the cellular level
was investigated using a mathematical model for bone deposition in sutures tak-
ing into account the data provided by synchrotron X-ray microtomography. Based
on these theoretical investigations, it was found that bone deposition in sutures
was driven by a mechanics-dependent non-linear instability also giving account for
the appearance of sutural interdigitations. Synchrotron microtomography also ap-
peared as a reliable tool for the study of bone microanatomy. Finally, the evolution
and development the bucco-hypophyseal canal, an organ that may be involved in
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mechanosensation, was studied using sonic-pathway related mutant mice, and the
maintenance of this canal in development and evolution was related to modulations
in sonic-hedgehog pathway related genes. A new technique for the high-resolution
imaging of embryonic soft-tissues was also described. Together, these results show
that mechanical forces shape craniofacial development and growth at the molecu-
lar, cellular and organ levels. The understanding of the processes involved in the
recording and the transduction of external forces is of interest in the treatment of
congenital and acquired craniofacial disorders.
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1.1 Mechanical forces in development and growth
Maxillofacial surgeons and orthodontists know by experience that external con-
straints influence craniofacial development and growth. For instance, the nasal
deformities in patients with cleft lip and palate are empirically understood as the
consequence of abnormal fluid flows during fetal amniotic breathing (figure 1.1),
even though no scientific proof is available to account for this hypothesis. In cleft
patients, the misdirected amniotic liquid flux exerts wrong constraints on the grow-
ing alar cartilages and is supposed to contribute to the formation of the cleft nose
(figure 1.2). Mechanical forces also play important roles in renal physiology and in
vascular biology, mostly via shear stress exerted on the walls of glomerular canals
and blood vessels (Ando & Yamamoto, 2009; Weinbaum et al., 2010), as well as
in the maintenance of the architecture of long bones (Taylor et al., 2007). Almost
all cells respond to mechanical stimulation with adaptive changes in cell function.
These changes include short-term responses (such as increases (or decreases) in in-
tracellular tension, adhesion, spreading or migration) as well as changes in long-term
effects (such as in protein synthesis and secretion, structural reorganisation, prolifer-
ation and viability). These effects are often mediated through multiple, overlapping
and crosstalking signalling pathways (DuFort et al. (2009); Jaalouk & Lammerding
(2009)).
Based on empirical knowledge, external forces are actively exploited by physi-
cians to interfere with growth, for instance in orthodontics or distraction osteogene-
sis. An example of a mechanical-based device designed by maxillofacial surgeons is
Delaire’s mask, used to stimulate the anterior growth of the maxilla by exerting an
20
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Figure 1.1: Doppler ultra-sonography showing the inward (blue arrow) and the
outward (red arrow) amniotic liquid flux during human fetal amniotic breathing.
The outward flux bounces against the tip of the nose in the region of the forming
alar cartilages. In cleft patients, this flux is misdirected and the alar cartilages have
an abnormal shape. Courtesy of Dr Jean-Claude Talmant, Clinique Jules Vernes,
Nantes, France.
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Figure 1.2: Cleft nose in a child with unilateral cleft lip and palate. On the cleft
side, the alar cartilage is flattened. This shape is supposed to be caused by abnormal
mechanical stimuli before birth due to misdirected amniotic liquid fluxes. Courtesy
of Dr Pierre Corre, Centre Hospitalier Universitaire, Nantes, France.
elastic traction (figure 1.3). Empirical concepts on mechanically-induced craniofacial
growth are also used in cleft surgery: due to the supposed role of pre-natal amniotic
liquid flux and of post-natal breathing in nasal morphogenesis, post-surgical nasal
conformation (figure 1.4) is applied in cleft reconstruction in order to insure free
airways after surgery and allow satisfactory maxillary growth. Distraction osteoge-
nesis is another surgical technique where mechanics are used to interfere with bone
formation processes: after an initial osteotomy, bone formation is induced within
the osteotomy gap by progressive lengthening. In severe cases of hemifacial micro-
somia, satisfactory mandibular advancement is obtained within weeks by activating
the distraction device at a rate of 1.0 mm per day (figure 1.5).
The common ground of the effects of mechanical forces on biological processes is
mechanotransduction, that is the transmission of external and internal mechanical
information to the cells, tissues and organs (figure 1.6). In the field of developmen-
tal biology, it is thus an educated guess to consider the information conveyed by
mechanotransduction as one of the contributors to morphogenesis.
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Figure 1.3: Delaire’s mask with elastic tractions for maxillary advancement. A
constant traction on an arch ligated to the upper jaw induces the progressive ad-
vancement of the maxilla in a case of trauma with complete craniofacial dislocation.
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Figure 1.4: Nasal conformation is used immediately after surgery (left) and in the
first months after primary lip reconstruction (right) in order to insure efficient nasal
breathing. Silicon sheets stitched to nasal tissues are initially used to keep the
alar cartilages in an appropriate position, and are replaced by a removable silicon
device one week after surgery. The removable conformation device is ideally kept
in position for a period of four months after surgery. Courtesy of Dr Jean-Claude
Talmant, Clinique Jules Vernes, Nantes, France.
Figure 1.5: Distraction osteogenesis of the mandible. Left: initial osteotomy and
positioning of the distractors (arrow: osteotomy trait). Right: mandibular length-
ening by progressive distraction (arrowhead: bone formation in the osteotomy gap).
Courtesy of Pr Adrian Sugar and the AO Foundation.
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Figure 1.6: Tissues are mechanically integrated structures, the physical behaviour
of which is defined by interconnected networks of cell - cell junctions, cell - matrix
adhesions, intracellular filament networks (of actin, microtubules and intermediate
filaments) and the extracellular matrix. Embedded throughout the network are
mechanotransducing machines that convert mechanical stimuli into biochemical sig-
nals. This process, termed mechanotransduction, enables cells and tissues to sense
and respond to their physical surroundings. After DuFort et al. (2009).
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1.2 Mechanotransducing systems
Very little is known about how forces precisely affect morphogenetic processes. Re-
ceptors for mechanosensation are not well characterised and transduction pathways
little known. Mechanosensation corresponds to very early needs in life history:
regulating the intracellular content in water is vital for unicellular organisms, and
osmoreception is based on mechanotransduction processes. Many molecules and
cellular devices have been proposed to be involved in mechanostransduction (figure
1.7). In Escherichia coli for instance, three stretch-activated channels are described,
MscL, MscS and MscM (for M echanosensitive channel of Large, Small, and M ini
conductance, respectively) (Garc´ıa-An˜overos & Corey, 1997) and allow the bacteria
to survive in environments with changing salinity. In the nematode Cænorhabdi-
tis elegans, mechanosenstitive molecules forming the MEC system function as de-
scribed in figure 1.8 (Garc´ıa-An˜overos & Corey, 1997). Mechanosensation in the
MEC system is based on stretch activated channels, as in E. coli Ms molecules. The
components of the MEC system are linked to the extracellular matrix and/or to
the cytoskeleton and contribute to transform a physical information into a chemical
gradient (Garc´ıa-An˜overos & Corey, 1997).
These basic principles of mechanosensation are believed to be conserved in all
animal groups, and are also found in plants (figure 1.9 and Christensen & Corey
(2007); Chehab et al. (2009)). Mechanosensation is even proposed to be one of
the two primitive sensory modalities of early cells, together with lock-and-key style
receptors (Kung (2005)). One subcellular organ is a good candidate for being in-
volved in mechanotransduction: the primary cilia. Cilia are cell-surface projections
consisting of a ciliary axoneme and a basal body (Michaud & Yoder, 2006). Cilia
are divided into motile and primary cilia. Primary cilia have a 9+0 microtubular
arrangement, as opposed to motile cilia (flagellum), which have a 9+2 microtubular
arrangement (Ishikawa & Marshall (2011) and figure 1.10). Two subtypes of primary
cilia are described: nodal cilia, responsible for generating rotational movements that
cause the extra-embryonic fluid to move in a leftward direction across the node, and
non-motile primary cilia (figure 1.11). Non-motile primary cilia are found in almost
all vertebrate cells with few exceptions, such as the derivatives of the bone marrow
and the lymphoid tissue (Praetorius & Spring, 2005).
The passive movement of non-motile cilia when submitted to external mechanical
stimuli – such as stretch or shearing stress – is a often proposed for being the first
event in many mechanotransduction pathways, notably the ones taking place during
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Figure 1.7: Several biological components have been proposed to act as cellular
mechanosensors. (a) Stretch-activated ion channels in the plasma membrane open
in response to membrane strain and allow the influx of calcium and other ions. (b)
In endothelial cells, the glycocalix can mediate mechanotransduction signalling in
response to fluid shear stress. (c, d) Cell - cell junctional receptors or extracellular
matrix (ECM) - cell focal adhesions allow cells to probe their environments. (e)
Force-induced unfolding of ECM proteins, such as fibronectin, can initiate mechan-
otransduction signalling outside the cell. (f) Intracellular strain can induce confor-
mational changes in cytoskeletal elements such as filaments, crosslinkers or motor
proteins, thereby changing binding affinities to specific molecules and activating sig-
nalling pathways. (g) The nucleus itself has been proposed to act as a mechanosen-
sor. Intracellular deformations can alter chromatin conformation and modulate ac-
cess to transcription factors or transcriptional machinery. (h) Compression of the
intercellular space can alter the effective concentration of autocrine and paracrine
signalling molecules. Additionally, changes in G-protein-coupled receptors, lipid flu-
idity and even mitochondrial activity have been proposed as mechanosensors. After
Jaalouk & Lammerding (2009).
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Figure 1.8: Putative arrangement of MEC proteins as part of a mechanosensory
apparatus. Touch induced displacement of the microtubules (made up of MEC-7
and MEC-12 tubulins) or the extracellular mantle (perhaps composed of MEC-1,
MEC-5, and/or MEC-9) with respect to each other would convey mechanical forces
to and gate the channel. After Garc´ıa-An˜overos & Corey (1997).
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Figure 1.9: There are two general models of channel gating by mechanical stimuli.
The membrane model supposes that force is delivered to the channel by surface
tension or bending of the lipid bilayer (a). The tether model supposes that specific
accessory proteins such as intracellular cytoskeletal elements and/or extracellular
matrix molecules are bound to channel proteins, and that the stimulus force is con-
veyed by these tethers to induce a conformational change (b). Tethers can be direct
or indirect; for instance, force might be conveyed to an accessory protein, inducing a
conformational change that, in turn, communicates sterically with the pore-forming
subunits (c). Finally, the force-sensing protein might be more distant and com-
municate with the channel by generating a secondary signal such as a diffusible
second-messenger molecule or activation of a kinase (d). The channel might then be
considered mechanically sensitive but not mechanically gated. After Christensen &
Corey (2007).
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Figure 1.10: Motile cilia have a 9+2 axonemal arrangement of the microtubules with
a central pair of microtubules and inner and outer dynein arms. Primary cilia have
a 9+0 microtubular arrangement but the central pair of microtubules and dynein
arms are missing. After Ishikawa & Marshall (2011).
Figure 1.11: The primary cilia consists of an axoneme and a basal body, together
with associated structures: ciliary necklace, ciliary pocket, ciliary membrane. After
Rohatgi & Snell (2010).
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bone and craniofacial development (Temiyasathit & Jacobs, 2010). For instance,
the Shh signalling pathway is coordinated by the primary cilium: binding of the Hh
ligand with Ptch1 leads to translocation of Ptch1 out of the cilium and moving in
of Smo into the cilium. This leads to activation of the Gli transcription factors and
translocation of the activated forms of Gli to the nucleus to activate the downstream
Hh signal transduction (Quinlan et al., 2008). The primary cilia may also act as
a switch between canonical Wnt signaling and the non-canonical Wnt/planar cell
polarity (PCP) pathway. In the canonical pathway, Wnt ligand binds to Fz recep-
tor that leads to the activation of Dvl and the stabilisation of cytoplasmic βcatenin,
through inhibition of the Apc2/Axin/Gsk3β degradation complex. βcatenin translo-
cates to the nucleus, where it activates downstream Lef/Tcf-mediated gene tran-
scription. In response to a stimulus such as fluid flow, a ciliary signal initiates a
switch from canonical to non-canonical Wnt signaling. This leads to localisation
of Dvl and possibly inversin (Invs) to the plasma membrane, where they interact
with PCP proteins and βcatenin gets degraded by the Apc/axin/Gsk3β complex
(Bisgrove & Yost, 2006).
In parallel to these biochemical processes involving the Shh and Wnt pathways
among others, stretch-activated proteins located on the non-motile cilia would di-
rectly transduce mechanical stimuli into a chemical gradient: in mammals, some
of the best candidates to play such a role are TRP channels (Lin & Corey, 2005;
Liedtke, 2007). Pkd genes, also know as Trpp genes, are part of this group and have
been proposed as mechanosensory proteins playing a role in craniofacial develop-
ment (Hou et al., 2009; Kolpakova-Hart et al., 2008). In fact, their cilia-associated
mechanosensory role has been demonstrated in other organs such as the kidney
(figure 1.12), and primary cilia are strongly involved in craniofacial development
(Brugmann et al., 2010). More details about Pkd2 genes are provided in section
2.1.3.
The craniofacial region is subjected to numerous and diverse mechanical stimu-
lations, for instance during mastication, breathing, swallowing, via the intracranial
pressure or at muscle insertion points. It is thus a region of choice for investigating
the mechanotransduction systems and the consequences of their disturbance.
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Figure 1.12: Primary cilia and fluid sensing. (a) The Pkd1-Pkd2 complex is localised
at the base of the primary cilia on epithelial cells; (b) Fluid-flow is thought to bend
the primary cilia and induce an increase in intracellular calcium concentration (red
curve); in mice with a targeted deletion of Pkd1, this increase in concentration is
not observed (after Patel & Honore´ (2010)).
1.3 Aims and scope
In order to investigate the topic of mechanosensation in craniofacial development and
growth, the first focus was a mouse model with a conditional mutation of Pkd2 in
neural-crest cells. It was shown that in these mice, the craniofacial regions subjected
to strong mechanical stresses, such as the teeth and the temporomandibular joint,
were normal at birth but progressively developed striking deformations. This find-
ing indicates that Pkd-mediated mechanosensation may be involved in craniofacial
morphogenesis and illustrates the importance of correct force sensing in craniofacial
growth. Based on these results obtained from this mouse model, the role of Pkd2 in
human craniofacial development was questioned. PKD mutations cause autosomal
dominant polycystic kidney disease (ADPKD), the principal ætiology for congenital
terminal renal failure. Patients with ADPKD are not known to have any craniofacial
abnormality. The face of a series of patients with ADPKD was thus studied using
3D photography and dense surface modelling.
In order to understand further the interactions between mechanical forces and
human craniofacial growth, a morphometric study on a series of intentionally de-
formed skulls was conducted. These skulls were subjected to strong mechanical
constraints created by deformation devices applied during the first year after birth.
The effects of the deformation on the thickness of the skull vault and on the volume
of the intracranial cavity, the maxillary sinuses and the orbits were studied. These
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investigations were intended to describe the effects of external constraints on the
formation of the human craniofacial region, based on a extreme natural experiment.
As the effects of deformations on dry skulls could not provide information on the
influence of external constraints on soft tissues and central nervous system, a series
of 4 neuropathological cases of Pfeiffer syndrome, due to an activating mutation of
FGFR2, was considered. In this syndrome, the dramatic modifications of the skull
shape due to craniosynostosis interfere with brain growth, but brain morphogenesis
is also affected by the FGFR2 mutation. In this system, the shape of craniofacial
soft-tissues is thus affected both by external constraints and by intrinsic disorders
due to excessive FGFR2 activation.
Then, in order to understand the cellular mechanisms occurring at the main
bone deposition sites of the skull vault – the sutures – a mathematical model of
bone growth was designed based on assumptions on simple mechanotransduction
processes. It was shown that this model spontaneously reproduces several geomet-
rical characteristics of mouse and human sutures. The validity of this model was
illustrated by using data from synchrotron X-ray microtomography performed on
wild-type mouse sutures and on selected other gnathostome species.
Finally, a little-known organ was studied, the buccohypophyseal canal, often
proposed to contain mechanoreceptors, both from developmental and evolutionary
aspects.
All together, these approaches aim to illustrate that at the molecular, cellular








At the molecular level, the sensing of mechanical forces can be mediated by stretch-
activated calcium channels, such as the channel formed by the Pkd1-Pkd2 complex.
In fact, Pkd1 and Pkd2 are two cilia-related transmembrane proteins known to form
a complex acting as a cation-selective channel activated by mechanical stress. In
order to investigate the role of mechanical forces in craniofacial development, the
phenotype of a mouse model with a conditional mutation in the Pkd2 gene was
analysed.
In humans, mutations in the PKD2 gene are known to cause, together with mu-
tations in PKD1, a kidney disease named automosomal dominant polycystic kidney
disease (ADPKD). Heterozygous patients with ADPKD are not known to have any
craniofacial phenotype: a single study reports upper blepharochalasis (drooping up-
per eyelids) (Meyrier & Simon, 1994) in patients with ADPKD without available
genotype. Interestingly, in this study, blepharochalasis is more prevalent in older
patients with ADPKD. Uncommon cases of incompletely penetrant PKD1 alleles,
where homozygous patients have typical to severe forms of polycystosis, are reported
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(Rossetti et al., 2009) but no craniofacial disorder is described in these patients. Sim-
ilarly, cases with PKD1 frameshift mutations associated with hypomorphic PKD1
alleles are reported with typical cystic disease but no craniofacial disorders (Reit-
erova´ et al., 2013). Cases with homozygous loss of PKD1 or PKD2 are not known
in humans. In brief, in all reported genotypic variants of ADPKD, no craniofacial
phenotype is described except from drooping upper eyelids (Meyrier & Simon, 1994)
in a small series of French patients without available genotype.
Interestingly, mice with conditional mutations of the Pkd1 gene in the neu-
ral crest (Pkd1fl/fl;Wnt1-Cre) and in the mesoderm (Pkd1fl/fl;Dermo1-Cre) have
dome-shaped skulls and a variety of ossification abnormalities in the craniofacial and
cranial base bones (Kolpakova-Hart et al., 2008). These defects seem to be caused by
an abnormal response of osteochondroprogenitor cells to external mechanical stress
(Hou et al., 2009). Similar investigation using conditional Pkd2 mutants have not
been performed to date.
Mice with a conditional deletion of Pkd2 in neural crest derived cells were stud-
ied using Pkd2fl/fl;Wnt1-Cre mice (see section 2.1.2) and the consequences of this
putative disruption in mechanotransduction on craniofacial development and growth
were investigated.
2.1.1 Neural crest cells in craniofacial development
The Pkd2fl/fl;Wnt1-Cre mice had a condition deletion of the Pkd2 gene in neural-
crest cells. Focusing this study on neural-crest cells was meant to affect craniofacial
structures while obtaining full embryonic development, as null knock-out mice for
Pkd2 die too early for craniofacial studies (Wu et al., 2000).
Cephalic neural crest cells (CNCCs) originate from the dorsal neural tube, de-
laminate and migrate following cellular streams from the dorsal midline towards the
ventral midline. During their migration, CNCCs are located between the superficial
head ectoderm and the surface of the neural ectoderm. CNCCs form a mesenchymal
sheet that receives further contributions from the mesoderm and interacts with the
endoderm (Couly et al., 1996, 2002). In the anterior cephalic region, the mesen-
cephalic neural crest cells divide into two streams.
The anterior stream enters the nasal capsule while the posterior stream migrates
into the first branchial arch. The posterior stream receives a contribution from
CNCCs arising from the first and second rhombomeres (Couly et al., 1996; Koentges
& Lumsden, 1996). The second branchial arch receives CNCCs from the fourth
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rhombomere. After their migration, CNCCs contribute to the formation of many
types of tissues present in the head and neck region: connective tissues, blood vessels,
teeth, muscles, nerves, bones and nervous tissues (Hall, 2000). The differentiation
occurs according to the origin of the CNCCs and their local environment at the end
of their migration.
In mice, most of the craniofacial skeleton is CNCC-derived except for the parietal
bones, the chondral part of the occipital bone and the sphenoid bone posterior
to the intra-sphenoidal suture (Jiang et al., 2002; McBratney-Owen et al., 2008).
The dermis of the head and neck, most of the connective tissue components of
the craniofacial muscles, the meninges, the pericytes and parts of the pituitary,
salivary, lachrymal, thyroid and parathyroid glands are also CNCC-derived tissues
(Couly et al., 1996; Etchevers et al., 2001). Furthermore, CNCCs form all the
mesenchymal-derived structures during tooth development (Chai et al., 2000; Chung
et al., 2009). Consequently, a disturbance in the induction, migration, differentiation
or maintenance of CNCCs may have potential repercussions on every craniofacial
structure.
2.1.2 Conditional deletion of Pkd2 in neural crest cells
Mice with a full deletion of Pkd1 or Pkd2 genes die early in their embryonic devel-
opment due to the onset of cyst formation in several internal organs (kidneys, liver,
pancreas) and severe systemic edema (Lu et al., 1997; Wu et al., 2000; Boulter et
al., 2001). Investigations on craniofacial development are thus not possible in these
animal models. Hypomorphic Pkd1 alleles are described but their craniofacial char-
acteristics are not known (Lantinga-van Leuwen et al., 2004; Jiang et al., 2006). In
order to increase the chances to obtain full embryonic development and post-natal
growth without premature death due to cystic disease, conditional mutants for Pkd2
in neural crest cells were studied, which were obtained using Cre-Lox recombination.
The principle of Cre-Lox recombination is the targeting of a DNA sequence of inter-
est, which is spliced by an enzyme (Cre-recombinase). This enzyme is a site-specific
DNA recombinase: it catalyses the recombination of DNA between specific sites,
known as LoxP sequences. LoxP sequences contain specific binding sites for Cre
that surround a directional core sequence where recombination can occur. When a
tissue-specific driver controls the expression of the Cre-recombinase, the splicing of
the DNA sequence of interest only occurs in a given tissue determined by the driver:
for instance Wnt1 for the neural crest or Dermo1 for the mesoderm. The main steps
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Figure 2.1: llustration of a model experiment in genetics using the Cre-Lox sys-
tem. The function of a target gene is disrupted by a conditional knock out. In
Pkd1fl/fl;Wnt1-Cre constructs, a tissue specific driver (Wnt1 for the neural crest)
controls the expression of the Cre-recombinase in the neural crest only, leading to
tissue-specific gene deletion. Cartoon designed by Matthias Zepper.
of Cre-Lox recombination are described in figure 2.1.
2.1.3 Pkd genes are cilia-related members of the TRP su-
perfamily
Pkd genes (also known as PC or TRPP genes) code for polycystins. These two genes
are part of the Transient Receptor Potential Cation (TRP) superfamily (figure 2.2).
Among the TRP superfamily, the TRPP subfamily is divided into PKD1-like
proteins and PKD2-like proteins (Nilius et al., 2007). The PKD1-like TRPP proteins
are characterised by a long (about 3000 amino acids) extracellular domain involved
in interactions with the extracellular matrix. This domain is missing in PKD2-
like TRPP proteins (Zhou, 2009). More precisely, PKD1 has a large N-terminal
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Figure 2.2: Unrooted phylogenetic tree generated by aligning the transmembrane
domains of the TRP channels. The TRPP (PKD) family is indicated by a red arrow
(after Yin & Kuebler (2010)).
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Figure 2.3: PKD1-PKD2 dimer. The interaction is mediated by the COOH-terminal
intracellular domains of the two proteins. The long NH2-terminal extracellular do-
main of PKD1 (red arrowhead) is not found in PKD2 and would be specifically
involved in interactions with the extracellular matrix and in mechanosensation (af-
ter Zhou (2009)).
extracellular domain, eleven transmembrane domains and a short intracellular C-
terminal tail. PKD2 has six transmembrane domains and is presumed to form a
cation-selective ion channel permeable to calcium cations (figure 2.3). The PKD1-
PKD2 dimer is supposed to be activated by stimuli such as shear stress from fluid
flow along the surface of the cell (Zhou, 2009).
Polycystins are expressed in a wide range of visceral organs including the kidneys,
the liver and the endothelium of blood vessels. At the sub-cellular level, PKD1 and
PKD2 are mainly localised on the basal body of primary cilia, but also in other
compartments such as the cytoplasm. PKD1 and PKD2 are not always co-localised:
for instance, only PKD2 is found in the cilia of the embryonic node (McGrath et al.,
2003), and the fact that PKD2 regulates the sub-cellular distribution of PKD1 is
still controversial (Zhou, 2009). PKD1 and PKD2 are believed to play a major role
in mechanosensation and calcium signalling in relation with primary cilia (Nauli
CHAPTER 2. CRANIOFACIAL DEVELOPMENT IN PKD2 MUTANTS 40
et al., 2003), which have no motile role but are involved in the transmission of
the mechanical information (figure 1.12 from the extracellular to the intracellular
compartments. In fact, the PKD1-PKD2 dimer is located at the bases of the primary
cilia (Nauli et al. (2003)). The bending of the primary cilia in response to external
stimuli is thought to induce the opening of the channel formed by the PKD1-PKD2
dimer (Patel & Honore´, 2010). More details about cilia and their involvement in
mechanosensation are provided in section 1.2.
Most of the signalling pathways implicating the PKD genes have been investi-
gated in the context of studies on ADPKD (Bastos & Onuchic, 2011; Chang & Ong,
2012). Among all the aberrant pathways implicated in ADPKD pathogenesis, three
major pathways are Ca++, cAMP and mTOR (mammalian target of rapamycin).
Deficient PKD function induces a decrease in levels of intracellular Ca++, and could
also lead to an increase in cAMP levels by modifying the activity of Ca++-dependent
adenylate cyclases (V and VI) and phosphodiesterases (Chang & Ong, 2012). Inter-
estingly, the mTOR pathway is upregulated in ADPKD kidneys: TSC2 (tuberin)
inhibits mTOR activity and its binding to PKD1 is impaired in ADPKD (Chang &
Ong, 2012). It is known that the interacting Ras-ERK and PI3K-mTOR pathways
are involved in cell survival, differentiation, proliferation, metabolism, and motility
in response to extracellular cues (Mendoza et al., 2011). ERK1/2 signalling has
recently been linked to osteogenesis regulation and has been involved in craniosyn-
ostosis in humans and mice (Twigg et al., 2012). These findings relate PKD genes
to craniofacial development via the regulation of osteogenic stimulation.
2.1.4 Pkd genes are involved in craniofacial development
We have seen that PKD mutations in humans have no reported craniofacial phe-
notype, except for blepharochalasis (see section 2.1 and Meyrier & Simon (1994)).
Nevertheless, mice with a conditional deletion of Pkd1 in neural-crest derived cells
show post-natal skull deformities related to bone growth disorders in response to
mechanical stress (Kolpakova-Hart et al., 2008; Hou et al., 2009). The phenotype
due to Pkd1 inactivation in CNCC-derived cells mainly consists in a premature
fusion of facial and cranial base sutures leading to a severe malocclusion and a
dome-shaped skull (figure 2.4): Pkd1 is a positive regulator of skeletal mesenchymal
cell proliferation and Pkd1 deficiency induces premature closure of synchondroses
and anomalies in the post-natal growth of dermal bones (Kolpakova-Hart et al.,
2008). The positive regulation of Pkd1 on osteochondroprogenitor cells seems to
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Figure 2.4: (A, B) Pkd1fl/fl;Wnt1-Cre mice have severe post-natal craniofacial
abnormalities: dome-shaped skull, short snout and class III malocclusion (after
Kolpakova-Hart et al. (2008)). (C) In Pkd1fl/fl;Wnt1-Cre mice, bone deposition
in response to mechanical stress (here an intra-oral distraction device) is impaired:
the arrow at day 14 indicates regions with newly formed bone in wild-type when no
bone is formed in the mutant subjected to the same mechanical stimuli (after Hou
et al. (2009)).
be dependant on external mechanical stress, as demonstrated by Hou et al. (2009)
using a midpalatal suture expansion device in mice. Pkd1 is thus involved in cran-
iofacial development and in the interactions between growth and mechanical forces.
The aim of the present study is to assess whether Pkd2 has a similar role using a
Pkd2fl/fl;Wnt1-Cre construct.
2.2 Materials and Methods
2.2.1 Reagents and solutions
2.2.1.1 Reagents and solutions for molecular biology techniques
See table 2.1.
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5-α competent E. coli (subcloning effi-
ciency)
New England Biolabs, C2988J
Luria-Bertani (LB) broth:
1% Tryptone Oxoid, LP0042
1% NaCl BDH, 102415K
0.5% Yeast Oxoid, LP0021
Luria-Bertani (LB) agar:
1% Tryptone Oxoid, LP0042
1% NaCl BDH, 102415K
0.5% Yeast Oxoid, LP0042
1.5% Agar Oxoid, LP0011
Ampicillin sodium salts (50 mg/ml) Sigma, A9518
QIAGEN Plasmid Maxi Kit QIAGEN, 12163
QIAquick™ Gel Extraction Kit QIAGEN, 28706
Restriction enzymes and buffers Promega
Table 2.1: Reagents and solutions used for molecular biology techniques
2.2.1.2 Reagents and solutions for tissue processing
See table 2.2.
2.2.1.3 Reagents and solutions for β-galactosidase (LacZ) staining
See table 2.3.
2.2.1.4 Reagents and solutions for in situ hybridation
See table 2.4.
2.2.1.5 Reagents and solutions for skeletal preparation
See table 2.5.
2.2.2 RNA probe design for in situ hybridation
2.2.2.1 Transformation of plasmid DNA to competent E. coli cells
E. coli competent cells (50 µl) were thawed on ice and added approximately 10 ng of
plasmid DNA. The solution was then mixed and placed on ice for 30 minutes. The
bacteria were heat-shocked for 90 seconds in a water bath at 42◦C and then placed
on ice for 2 minutes. 400 µl of Luria-Bertani medium (LB-medium) was added to the
mixture and then incubated at 37◦C for 1 hour. 50-200 µl of the mixture was streaked
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Paraformaldehyde Sigma, P6148
Diethyl pyrocarbonate (DEPC) Sigma, D5758
Ethanol VWR, 101077Y
Formic acid, 98% Fisher, F/1850/PB17
Ethylenediaminetetraacetic acid (EDTA) VWR, 20302.293
Histoclear National Diagnostics, HS-202
Ultraplast polyisobutylene histological wax Solmedia, WAX060
Erhlich’s Haematoxylin Solmedia, HST003
Eosin, aqueous solution (0.5% Eosin Y in
dH2O)
Riedel - de Hæn, 32617
DePex BDH, 360294H
1, 2, 3, 4 – tetrahydronaphtalene SIGMA, 429325
Sirius Red TCS Bioscience LTD., H.D1245
Industrial methylated spirit Solmedia, IMS005
Propan-2-ol (isopropanol) Acros organics, 389710025
Table 2.2: Reagents and solutions used for tissue processing techniques
Trizma™ base (Tris base) Sigma, T1503
Glutaraldehyde MERCK, 1042390250
Sodium deoxycholate Sigma, D6750
IGEPAL CA-630 (NP-40) Sigma, I3021
Potassium ferrocyanide (K4[Fe(CN)6]) BDH,102054F
Potassium ferricyanide (K3[Fe(CN)6]) BDH,102044D
Magnesium chloride (MgCl2) Fisher, BP214-500
5-bromo-4-chloro-3-indolyl-β-galactopyranoside (X-Gal) Fermentas, R0404
Phosphate buffered saline (PBS) Fisher, BP-665-1
0.5% glacial acetic acid VWR, 20104.334
Table 2.3: Reagents and solutions used for β-galactosidase (LacZ ) activity staining
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Riboprobe™ System Buffers Promega, P1121
35S isotope Perkin Elmer, 800-76-4000
Polymerase enzymes Promega





Proteinase K Sigma, P2308
tRNA (RNA from yeast) Roche, 109223
Blocking Reagent Roche, 11096176001





1% (w/v) Ficoll 400 Sigma, F4375
1% (w/v) Polyvinylpyrrolidone BDH, 436032C
1% (w/v) Bovine Serum Albumin Sigma, A9647
Anti-Digoxigenin-AP Fab fragments Roche, 11093274910








TEA (Triethanolamine) BDH, 103704U
Acetic anhydride BDH, 100022M
Glycine Sigma, G7403
Formamide Merck, K36952408
Hydrogen peroxide Sigma, 95302
Ribonuclease A Sigma, R-4875
50% Dextran sulphate Chemicon, 0702051849
K5 emulsion in gel form Ilford Scientific Product, 1355136
Kodak Unifix Kodak, 5211412
Kodak D19 developer Kodak, 1464593
Hematoxylin solution (Delafield) Fluka Analytical, 03971
Table 2.4: Reagents and solutions used for in situ hybridisation
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Alcian blue 8GX Sigma, A5268
Potassium hydroxide (KOH) BDH, 102104V
Alizarin Red S Sigma, A5533
Glacial acetic acid VWR, 20104.334
Glycerol VWR, 24388.320
Table 2.5: Reagents and solutions used for skeletal preparations
on a LB-agar plate containing 100 µg/ml ampicillin. The plates were inverted and
incubated overnight at 37◦C. The presence of single colonies was confirmed the next
day and plates were stored at 4◦C for up to one week.
2.2.2.2 Plasmid amplification and isolation
A single colony was identified from a LB-agar plate and inoculated into 250 ml
(maxi-preparation) of LB-medium with the addition of a plasmid specific antibi-
otic. The LB-medium containing the plasmid DNA was incubated with agitation
overnight at 37◦C. Large quantities of plasmid DNA were isolated and purified using
DNA purification columns from QIAGEN Plasmid Maxi Kit following manufacturer
instructions.
2.2.2.3 DNA quantification
Plasmid DNA concentration was determined by measuring absorbance of a 1:100
dilution of the DNA samples at 260 nm using a spectrophotometer (BioPhotomer,
Eppendorf AG, 22331).
2.2.2.4 DNA template preparation for synthesis of antisense riboprobe
2.2.2.4.1 Linearisation of plasmid DNA To make the antisense probes, 10
µg of plasmid DNA containing a specific gene sequence was linearised at the 5’ end
of the insert with the appropriate restriction enzyme in a reaction mixture as shown
(table 2.6). The reaction was incubated at 37◦C for 3 hours. 1 µl of linearised DNA
product (corresponding to 400 ng of linearised DNA) and an equivalent quantity
of non-linearised DNA were then loaded onto a 1% w/v agarose gel to confirm the
completion of the digestion. Electrophoresis was carried out at 90 mV for 30 to 100
minutes until the bands were clearly separated and DNA was visualised with UV
transillumination. To provide a DNA size reference, a 1 kb or 100 bp DNA ladder,
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Reagents Volume
Bovine Serum Albumin (10 µg/µl) 0.5 µl
Plasmid DNA 20 µg
Restriction enzyme 2 U per µg of plasmid DNA
10x Buffer 5 µl
Nuclease-free H2O up to final volume (50 µl)
Table 2.6: Reagents and solutions used for linearising plasmid DNA (per reaction)
containing different sized DNA fragments of known length, was loaded on the gel
and run simultaneously with DNA samples.
2.2.2.4.2 Purification of linearised plasmid DNA Once completion of the
digestion was confirmed, the linearised plasmid DNA was purified by running the
whole digested DNA on an agarose gel followed by purification using the QIAquick™
Gel Extraction Kit following manufacturer instructions. The purified DNA samples
were stored at -20◦C.
2.2.3 Generation of mouse lines
2.2.3.1 Obtaining embryonic and neonatal mouse tissues
All animal experiments were approved by the UK Home Office. Male and female mice
were mated overnight and vaginal plugs were checked using a probe the following
day. The day on which the vaginal plug was discovered was used to determine
the embryonic stage and was designated as embryonic day 0.5 (E0.5). Collection of
embryonic and neonatal tissue was carried out according to the Home office Schedule
One specification. Cervical dislocation was used to sacrifice pregnant females in
order to obtain embryos at specific time points. Embryos were removed by cæsarean
section and collected in ice-cold 1 X PBS. For postnatal pups, the day a litter was
found was designated as postnatal day 0 (P0). Pups were sacrificed by cervical
dislocation followed by decapitation. After excess blood was blotted on a tissue
paper, pup heads were collected in ice-cold 1 X PBS.
2.2.3.2 Generation of Pkd2fl/fl mice
Pkd2fl/fl mice were generated on a on a mixed C57BL/6Jx129S1 background as
described previously (Spirli et al., 2010). Briefly, the Pkd2fl allele introduced LoxP
sites flanking exons 3 and 4 of Pkd2. More precisely, an EcoRI fragment containing
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Pkd2 exons 3-5 and part of the introns 2 and 5 was subcloned into pBSIIKS vector
(Stratagene, La Jolla, CA). A LoxP site was inserted in a SmaI site in intron 2 about
1.5 kb from the the 5’ end of the targeting vector. A neomycin cassette flanked by
two FRT sites and a single LoxP site at its 3’ end was inserted in an KpnI site
of intron 4 about 2.5 kb from the 3’ end of the targeting vector. The Pkd2fl allele
functions as a wild-type allele before Cre-mediated excision and as a null allele after
excision of exons 3 and 4. Genotyping for Pkd2 mutants was performed by Dr Ramin
Raouf (University College London).
2.2.3.3 Generation of Wnt1-Cre mice
Wnt1-Cre mice with C57BL/6J background were generated as described previously
(Danielian et al., 1998). To achieve Wnt1 expression domain, a Wnt1 -enhancer-
based expression construct was used in which a cassette containing the neo gene
under the control of the PGKneobpA promoter was flanked by a LoxP site that
was inserted just 5’ to a LacZ reporter. In order to express Cre within the Wnt1
expression domain, the cDNA for Cre was placed under the control of the Wnt1
promoter (Danielian et al., 1998).
2.2.4 Tissue processing
2.2.4.1 Fixation, decalcification and dehydration of tissues
Heads of mouse embryos or of post-natal mice were dissected in cold 1 X nuclease-
free PBS. The tissues were fixed overnight in 4% paraformaldehyde (PFA) at 4◦C.
For E15.5 or older embryonic heads, fixation was prolonged to 48 - 72 hours. Mouse
tissues older than E16.5 were decalcified in 4% or 12.5% EDTA pH 8.0 containing
1% PFA for 1 - 3 weeks at room temperature on a shaker, depending on the de-
velopmental stages of the embryos/mice. Adult mouse tissues were decalcified for
3 - 12 weeks with Morse’s Solution (10% sodium citrate and 22.5% formic acid) at
room temperature on a shaker. All decalcifying solutions were freshly prepared and
changed every day. After fixation or decalcification, tissues were thoroughly washed
with 1 X nuclease-free PBS to eliminate residual PFA or formic acid and then dehy-
drated in ascending ethanol solutions (30%, 50%, 70%, 85%, 95%, and 100%). The
duration of each step was determined by the size and age of the sample, as listed in
table 2.7.
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Samples Ascending ethanol solutions
Embryo head E11.5 or earlier 30 min per change
Embryo head E12.5 - E14.5 1- 3 hr per change
Embryo head E15.5 - E16.5 4 - 6 hr per change
Embryo head E17.5 - E18.5 Overnight per change
Postnatal / Adult Overnight per change
Table 2.7: Dehydration times in ethanol according to the specimen
Tissues Histoclear Histoclear:Wax (1:1) Wax Vacuum Embedding
E11.5 or earlier (Head) 30 min x 2 30 min 1 hr x 3 -
E12.5-E14.5 (Head) 20 min x 6 30 min 1 hr x 6 30 min – 1 hr
E15.5-E16.5 (Head) 30 min x 6 30 min 1 hr x 6 + O/N 1 hr
E17.5-E18.5 (Head) 1 hr x 5 30 min 1 hr x 6 + O/N 1 hr
Postnatal/Adult 1 hr x 6 + O/N 30 min 1hr x 6-12 + O/N 1 hr
Table 2.8: Duration of each embedding step according to the developmental stage
and size of the specimen
2.2.4.2 Paraffin embedding
To allow the replacement of ethanol by paraffin wax, after final dehydration in 100%
ethanol, the tissues were incubated in several changes of histoclear. Tissue samples
were then incubated in histoclear:paraffin mix (in 1:1 ratio) at 60◦C followed by
several consecutive wax changes. The detailed duration of each step for different
tissues is specified in table 2.8. After the long incubation period in paraffin wax,
whole heads were embedded at a specific orientation (frontal or sagittal) using metal
moulds. Wax blocks were stored at 4◦C until sectioning.
2.2.4.3 Tissue sectioning
Wax blocks were firstly trimmed to remove the excess of wax. The samples were
then sectioned to produce wax ribbons of 7 - 12 µm in thickness, using a microtome
(Leica RM2245). Consecutive sections were then mounted on different glass slides
(SuperFrost® Plus, VWR™) to produce a series of slides containing a similar set of
serial sections.
2.2.4.4 Hæmatoxylin and eosin Staining (H&E)
Hæmatoxylin stains cell nuclei blue, while eosin stains cytoplasm, connective tissue
and other extracellular substances pink or red. One set of sections was deparaffinised
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with two 10 minutes histoclear washes and rehydrated through a graded series of
ethanol washes (100%, 90%, 70% and 50%) for 2 minutes each. Sections were then
washed for ten minutes in distilled water and submerged in Erhlich’s hæmatoxylin for
10 minutes. Excess hæmatoxylin was removed by washing the samples for another
10 minutes under running water. Prior to differentiation, sections were rinsed in
distilled water and then submerged in acid alcohol (0.5% HCl 35% alcohol) for 15
seconds. Subsequently, the sections were stained with 0.5% aqueous eosin for 2
minutes, washed in distilled water and dehydrated through a series of two minute
ethanol washes (70%, 90% and two 100%). Sections were air-dried for up to 1 hour
before being cover-slipped with DePex under the fume hood. Sections were viewed
in light-field using a Zeiss microscope (Axioskope 2 plus) and captured with an
AxioCam HRC (Zeiss) using Axiovision software.
2.2.4.5 Trichrome staining (sirius red, alcian blue and hæmatoxylin)
Trichrome staining provides distinct staining of collagen (red), mucopolysaccharides
(blue) and nuclei (purple). Briefly, de-paraffinised and re-hydrated sections were
firstly stained in alcian blue staining solution (1% alcian blue in 3% acetic acid,
pH 2.6) for 10 minutes. Samples were then subsequently stained with Erhlich’s
hæmatoxylin for two minutes and sirius red (0.5% sirius red in saturated picric
acid) for 45 minutes. Finally, slides were dehydrated and then air-dried before being
mounted with DePex mounting medium.
2.2.4.6 Photography
The histological sections were photographed under a microscope (Axioskop 2 plus,
Zeiss) by using a high-resolution digital camera (Axiocam HRC, Zeiss). In order to
visualise Sharpey’s fibres, photomicrographs were taken with Nomarski DIC optics
on a Zeiss Photomicroscope II with x16, x40 objectives.
2.2.5 Staining for β-galactosidase (LacZ ) activity.
2.2.5.1 Whole mount β-galactosidase staining
Transgenic mice carrying a LacZ reporter were processed through LacZ staining
protocol prior to histology analysis. Samples were dissected in cold PBS: embryonic
heads older than E11.5 were cut in half horizontally or sagittally in order to allow
better penetration of both the fixative and the staining solution; adult brains were
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Table 2.9: Fixation durations for LacZ staining
Components Concentration







1x PBS up to final volume
Table 2.10: Components of the LacZ staining solution
extracted from the brain case and sectioned into 3 - 5 coronal blocks. Dissected
tissues were placed immediately in a fixative solution made of 1% PFA and 0.2%
glutaraldehyde in PBS at room temperature. Fixation time varied depending on the
tissue and is detailed in table 2.9.
The fixed tissue was then washed in 1 X PBS and incubated with X-gal staining
solution (table 2.10) at 37◦C protected from light. Adequate reaction colour (blue)
developed usually after approximately 24 - 48 hours from initial incubation. After
staining, samples were washed 3 times in 1 X PBS for 10 minutes each or longer, the
stained samples were post-fixed in 4% PFA for at least one hour in room temperature
for histological processing.
2.2.5.2 Processing X-gal stained tissues for section
After post-fixation, X-gal Stained samples were washed 3 times in 1 X PBS for
10 minutes each or longer. Mouse tissues older than E16.5 were decalcified prior to
dehydration. Samples were dehydrated through a graded series of methanol solutions
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Sample stage Incubation time (minutes)
Earlier than E13.5 20-25
E14.5 - E15.5 35
E16.5 - E17.5 45
E18.5 - newborn 60
Adult 180
Table 2.11: Methanol dehydration times for X-gal stained samples (per step)
(30%, 50%, 70%, 85%, 95% and 100%) to minimise de-staining. The duration for
each wash step depended upon the age of the sample (table 2.11).
After the sample was completely dehydrated, 100% methanol was replaced by
two changes of isopropanol for 15 minutes; the samples were then placed in tetrahy-
dronaphthalene (THN) at room temperature till saturated and moved to 60◦C for 15
minutes. Afterwards samples were placed in a 1:1 mixture of THN: paraffin wax at
60◦C for 15 minutes. Finally, embryonic samples younger then E13.5 were washed at
least four times (each wash lasting 1hr) in paraffin wax at 60◦C before embedding.
Samples that were E14.5 or older were washed at least 5 times in wax for one hour
each followed by an additional overnight incubation. Wax embedded samples were
finally sectioned and mounted.
2.2.5.3 Counterstaining of X-gal stained sections
Sections were counterstained with eosin to allow the identification of unstained struc-
tures. Sections were de-waxed in histoclear for 10 minutes twice and dehydrated
briefly in descending ethanol solutions (100%, 90%, 70%) for 1 minute each. The
slides were then stained in alcoholic eosin (0.25%) from 45 seconds to 2 minutes and
excess staining was washed away in 95% ethanol. Sections were then dehydrated in
100% ethanol for 2 minutes twice and rinsed in distilled H2O for two minutes. The
slides were air-dried and then cover-slipped with DePex in a fume hood.
2.2.6 Radioactive in situ hybridation
2.2.6.1 35S-labelled RNA probe preparation
The transcription reaction was performed by addition of the reagents (Riboprobe®
System Buffer, Promega) mentioned in table 2.12 in sequential order. The mixture
was incubated at 37◦C for 40 minutes after which another 1 µl of RNA polymerase
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Reagents Volume (µl)
5x transcription buffer 5.0
IM DTT 0.5
RNAse inhibitor (40 U/µl) 0.5
Lineralized plasmid DNA 6.4
10 mM GTP 1.2
10 mM ATP 1.2
10 mM CTP 1.2
50 mM UTP 1.0
35S UTP (37 MBq/ml at the reference date) 7.0
Polymerase enzyme (20 U/µl) 1.0
Total volume 25
Table 2.12: Reagents used for the transcription reaction of the 35S probe
Reagents Volume (µl)
RNAse inhibitor 0.5
tRNA (10 mg/ml) 1.0
1M DTT 0.5
RNAse-free DNAse (1U/µl) 0.5
Total volume 2.5
Table 2.13: Reagents used for the DNAse treatment of the sample
was added. After this, the mixture was further incubated for 1 hour at 37◦C.
After incubation, 2.5 µl of the DNAse reaction mixture mentioned in table 2.13
was added to degrade the DNA template. The mixture was further incubated for
10 minutes at 37◦C.
In order to precipitate the synthesised RNA, 588 µl of the ethanol precipitation
buffer was made by addition of the reagents mentioned in the table 2.14. The
precipitation buffer was added to the mixture, mixed well and incubated overnight
at -20◦C or for 1 hour at -80◦C.
The following day, the probe was centrifuged at 13000 rpm for 10 minutes. The
pellet was washed with 500 µl of washing buffer containing ethanol and 10 mM
DTT, vortexed and centrifuged for 5 minutes at 13000 rpm. The supernatant was
removed and the pellet was allowed to air-dry at room temperature for 5 minutes.
The pellet was finally resuspended in 50 µl of nuclease-free H2O containing 50 mM
DTT.















Table 2.15: Reagents used for the making of the hydrolysis buffer
2.2.6.2 Hydrolysis of the RNA probe
If the size of the synthesised RNA probe was larger than 300 bp then a hydrolysis
treatment of the probe was performed in order to reduce the size of the probe. The
hydrolysis buffer was made as outlined in table 2.15.
50 µl of hydrolysis buffer was added to the mixture and incubated at 60◦C.
After hydrolysis, 50 µl of the neutralising buffer (table 2.16) was added to stop the
reaction.
504 µl of the precipitation buffer was added to the RNA mixture, thoroughly
mixed and incubated at -80◦C for 30 minutes (table 2.17). The mixture was cen-
trifuged at 13000 rpm for 10 minutes in order to collect the RNA pellet and the
supernatant was discarded. The RNA pellet was then washed with 500 µl of ethanol
Reagents Volume (µl)





Table 2.16: Reagents used for the making of the neutralising buffer






Table 2.17: Reagents used for the making of the precipitation buffer
containing 10 mM DTT. It was again subjected to centrifugation at 13000 rpm for
5 minutes. The resulting RNA pellet was allowed to air-dry at room temperature
for 5 minutes and was then resuspended in 50 µl of nuclease-free H2O containing 50
mM DTT. The probe was later stored at -80◦C for future use.
2.2.6.2.1 Pre-treatment of the tissue sections All the glassware, slide racks
and metal spatulas were baked overnight at 180◦C in the oven and the solutions
used for the procedure were DEPC-treated and autoclaved to be RNAse-free. The
paraffin sectioned slides were treated twice for 20 minutes with histoclear, in order
to remove the paraffin. The sections were then rehydrated by passing through each
of the following ethanol solutions for two minutes: 100% (twice), 90%, 95%, 80%,
60%, 30% and DEPC H2O (twice). After rehydration, the sections were incubated
for 20 minutes in 0.1 M HCl followed by 2 X SSC (pH 4.5) for five minutes in order to
denature the proteins and RNA respectively. In order to permeablilise the tissues so
that a better penetration of the probe would be possible, the sections were incubated
in 5 µg/ml Proteinase K in TE buffer containing 10 mM Tris-HCl (pH 8.0) and 5
mM EDTA at 37◦C for 10 minutes. The sections were further incubated in 2 mg/ml
glycine in 1 X PBS for 10 minutes to block the protease activity and then rinsed
twice with 1X PBS for one minute. Re-fixation was done in 4% PFA for 20 minutes
at room temperature. To remove any remaining positive charges in the sections or
on the slides, an acetylation reaction involving incubation of slides in 1/400 acetic
anhydride (added just before use) in 0.1 M TEA for 10 minutes associated with a
continuous stirring was performed. The sections were then washed twice with 1 X
PBS for 5 minutes. Lastly the samples were dehydrated through a graded series of
ethanol solutions (30%, 60%, 80%, 90%, 95% and 100%) made with DEPC-treated
distilled H2O. The slides were left to air-dry under a foil for 1 - 2 hours.
2.2.6.2.2 Hybridisation and washes The dried slides were placed horizontally
on glass rods in boxes with tissue towel soaked in 50% formamide and 5 X SSC. The
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Reagents Volume (µl)
50% Formamide (Fluka, Sigma) 500
50% Dextran sulphate 200
1M DTT 50
tRNA (10 mg/ml) 50
5M NaCl 60




Table 2.18: Reagents used for the making of the hybridisation solution
Reagents Quantity
Formamide 1000 ml
20X SSC pH 4.5 200 ml
H2O 800 ml
DTT 3.85 g
Total volume 2000 ml
Table 2.19: Reagents for 5 pots of washing solution (400 ml per pot)
35S probe was diluted to a final concentration of 1 x 104 c.p.m/µl (counts per minute)
by mixing with the hybridisation solution (table 2.18).
The probe diluted in the hybridisation solution was further denatured for 2 min-
utes at 80◦C followed by 3 minutes on ice and 100 µl of the probe was later applied
on each slide. The glass cover slips were placed on the slides in a manner that an
even distribution of the probe was obtained. The slides were stored in slide boxes
sealed with a cling film in order to maintain humidity inside the boxes and were
incubated at 55◦C overnight in the hybridization oven. Following hybridization, the
unbound probe was removed by several washes and RNAse treatment. Dithiothre-
itol (DTT) acted as a reducing agent and was added at the final concentration of
0.1 M in the washing solution. The cover slips were gently removed and slides were
transferred into pre-warmed wash solution (table 2.19), pre-warmed RNAse buffer
(table 2.20) and then treated with RNAse A solution (table 2.21). The sections were
again washed in the wash solution followed by incubation in 0.1 X SSC solution. The
sections were rapidly dehydrated in 70% ethanol containing 0.3 M Ammonium ac-
etate, then 95% and 100% ethanol. The slides were allowed to air-dry for at least
one hour at room temperature.
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Reagents Volume (µl)
5M NaCl 160
1M Tris pH 8 16
0.5M EDTA pH 8 3.2
H2O 1420.8
Total volume 1600
Table 2.20: Reagents for 4 pots of RNAse buffer (400 ml per pot)
Solutions Time (minutes)
Washing solution/0.1M DTT at 55◦C 15
Washing solution/0.1M DTT at 55◦C 20
Washing solution/0.1M DTT at 65◦C 20
RNAse buffer at 37◦C 15
RNAse buffer at 37◦C 15
RNAse A (40 µg/ml) in RNAse buffer at 37◦C 30
RNAse buffer at 37◦C 15
Washing solution/0.1M DTT at 65◦C 20
Washing solution/0.1M DTT at 65◦C 20
0.1X SSC/0.1M DTT at 65◦C 20
0.1X SSC/0.1M DTT at room temperature 5
0.3M ammonium acetate/70% EtOH 2
95% EtOH 2
100% EtOH 2
Table 2.21: Solutions for post-hybridisation washes
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2.2.6.2.3 Autoradiography Visualisation of the signal was done by autoradio-
graphy with an x-ray film (low resolution) and by using a liquid emulsion, in which
slides were immersed. All steps were performed using appropriate safe light in the
dark room. The x-ray film autoradiography was done to determine whether the
hybridization had worked and to evaluate the exposure time before developing the
slides. Using safe red light, the dried slides were put into a cassette with an x-ray
film (Kodak BioMax MR Film) overnight. The film was developed the following day
using an x-ray film processor (FP1500). In order to carry out autoradiography, safe
yellow light was used. The K5 emulsion (Ilford Scientific Product) was melted in
an equal volume of pre-warmed 2% glycerol in a water bath at 45◦C. The emulsion
used was completely homogenous and bubble free. After dipping, the slides were
allowed to drain vertically and then placed in a light-tight black box for 2-3 hours
at room temperature. Once dried, the slides were placed in a light-tight black box
for 7-14 days at 4◦C. The box was wrapped with aluminium foil and sealed so as to
avoid any light penetration.
2.2.6.2.4 Developing and staining After leaving the slides at 4◦C for the
appropriate length of time, the slides were processed for developing, counterstaining
and mounted with coverslips. Developing required the slides to be kept at room
temperature for 30-60 minutes. The Developer was freshly made by dissolving 31.6g
of Kodak D19 developer into 200ml of pre-warmed dH2O at 37
◦C in a bottle wrapped
with aluminium foil. The fixer was made by diluting Kodak Unifix 1:4 in dH2O at
room temperature. The slides were taken to the dark room, transferred to a rack
and put into the developer for 7-8 minutes, briefly rinsed in dH2O and transferred to
the fixer for 5 minutes. The slides were then thoroughly washed under running tap
water for 30 minutes in order to completely remove the fixer. The slides were then
counterstained by quickly rinsing them in dH2O and lightly stained in Hematoxylin
solution (diluted 1:4 in dH2O) for 2 minutes. They were again washed under running
tap water for 15 minutes and finally air-dried for a few hours before being mounted
with cover slips using the DePex mounting medium.
2.2.6.2.5 Photography for radioactive in situ hybridisation The mounted
slides were cleaned to order to remove any excessive emulsion and mounting agent
before taking photographs. In order to observe the expression of the gene of interest,
the silver grains on the radioactive sections were pictured with dark-field and light-
field illumination using a microscope (Axioskop2 plus, Zeiss) with a high-resolution
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digital camera (Axiocam HRC, Zeiss). In order to identify the gene expression on
the bright-field images, the silver grains from the dark field images were selected,
pseudo-colored in red and copied on their correspondent bright-field images using
Photoshop C.S. software.
2.2.7 Skeletal preparations (bone and cartilage staining)
E18.5 embryonic heads were fixed in 95% ethanol for at least 3 days. Heads were
then de-skinned and fixed in 95% ethanol for a few more days. Samples were stained
for cartilage with 15 mg/ml alcian blue 8 GX in 76% ethanol and 20% glacial acetic
acid for 2 weeks at room temperature. Samples were then differentiated in 95%
ethanol for one week (3 changes) and cleared in 1% KOH until bones were visible.
Tissues were then stained in 0.1% aqueous Alizarin Red solution in 1% KOH and
incubated for 3 hours at room temperature. Stained samples were then washed
overnight in running water and decolourised in 20% glycerol in 1% KOH for a few
weeks and fresh solution was changed regularly till the solution remained clear.
Samples were passed through a graded series of ethanol: glycerol: water solutions
(1:4:3, 1:2:1, 3:4:1, 1:1:0). Samples were then stored in 100% glycerol at 4◦C after
being photographed.
2.2.8 µCT analysis
Adult mouse heads were then scanned using a GE Locus SP micro-CT scanner by
Dr Christopher Healy. Briefly, mouse heads were immobilised using ultrasound gel
and cotton gauze and scanned to produce 7 - 14 µm voxel size volumes. Scanning
processes followed the company’s instructions. Reconstructions were made using
Mimics 14 (Materialise, Leuven, Belgium).
2.2.9 Synchrotron X-ray microtomography
A full mandible from a 1-year old Pkd2fl/fl;Wnt1-Cre female mouse was dissected
under the binocular loupe in cold 1 X nuclease-free PBS, fixed in 4% PFA for 24 hours
and scanned in 7 sub-scans using 1999 projections of 0.1 s in continuous rotation
mode, in the BM5 beamline of the ESRF (Grenoble, France), under the supervision
of Dr Paul Tafforeau (ESRF, Grenoble, France). The pink beam was filtered with 3
mm of aluminium, 0.25 mm of copper and a lead glass of 7 mm (corresponding to 0.5
mm of lead), with a resulting effective energy of 85 keV. The propagation distance
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Figure 2.5: Ubiquitous expression of Pkd2 at early developmental stages. Radioac-
tive in situ hybridization on wild-type mice showing ubiquitous expression of Pkd2
in the craniofacial region at E12.5 and E14.5 developmental stages.
was 800 mm for phase contrast. The detector was based on a 200 µm thick LuAG
scintillator with a pixel size of 7.46 µm. Volumes were reconstructed using ESRF
software PyHST, that includes a single distance phase retrieval process (Paganin et
al., 2002; Sanchez et al., 2012), coupled to an unsharp mask on the volume (Sanchez
et al., 2012).
2.3 Results
2.3.1 Pkd2 expression in craniofacial development
The expression pattern of Pkd2 was first examined in various pre- and post-natal
stages. Ubiquitous expression of Pkd2 was observed in the craniofacial region until
E14.5 (figure 2.5). At E18.5 and in newborns, the expression localised at several
sites including the periodontal ligament, the temporo-mandibular joint (TMJ) and
the nasal septum (figure 2.6A for the TMJ in newborns).
In post-natal stages, a specific pattern of expression was observed in the teeth:
Pkd2 was found to be more expressed in the proliferating odontoblasts rather than
in the differentiating odontoblasts (figure 2.6B and 2.6C for the expression pattern
CHAPTER 2. CRANIOFACIAL DEVELOPMENT IN PKD2 MUTANTS 60
Figure 2.6: Localized expression of Pkd2 after birth. Radioactive in situ hybridiza-
tion on wild-type mice showing localized expression of Pkd2 in the temporomandibu-
lar joint at P0 (A); at P15, Pkd2 is expressed more intensely in proliferating odonto-
blasts (arrowheads) rather that in differentiating odontoblasts (arrows) of mandibu-
lary molars (B,C); Pkd2 is highly expressed at P15 in the cervical loop (arrow) of
mandibular incisors (D).
in molars at P15). Furthermore, Pkd2 was intensely expressed in the cervical loop
of incisors (figure 2.6D).
2.3.2 Phenotype of Pkd2fl/fl;Wnt1-Cre mice
2.3.2.1 Production of Pkd2fl/fl;Wnt1-Cre mice
Less than 5% of Pkd2fl/fl;Wnt1-Cre mice survived the first 2 weeks after birth
despite soft diet (Dr Ramin Raouf, University College London, personal commu-
nication), due to severe occlusal disorders. Unfortunately, no statistical result on
survival is available. Dr Ramin Raouf (University College London) provided us with
5 E14.5 embryos with wild-type littermates, 5 E18.5 embryos with wild-type litter-
mates and 5 one year-old adults (4 females and 1 male) with wild-type age-matched
littermates. All mutant and wild-type mice were genotyped by Dr Ramin Raouf
(University College London).
2.3.2.2 Gross morphology
The gross morphology of adult Pkd2fl/fl;Wnt1-Cre mice was abnormal and mutant
individuals could be easily recognised: their head-to-tail length was shorter than in
wild-type litter-mates (figure 2.7A) and their snout was notably shortened (arrow
in figure 2.7A). All 5 adult mutant mice had a similar phenotype. Adult mutants
suffered from increased dorsal kyphosis and cervical lordosis (figure 2.7B, arrow
in 2.7C). More precisely, the spine of the adult mutant mice presented with an
elongated processus spinosus of the first dorsal vertebra (arrowhead in figure 2.7G)
and multiple fusions of the posterior (arrow in figure 2.7I) and anterior (arrow in
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figure 2.7K) arches of the cervical vertebræ. The rest of the structure of the vertebral
bodies was nevertheless normal in adult Pkd2fl/fl;Wnt1-Cre mice. There was no
abnormality caudal to the scapular girdle in adult mutants.
2.3.2.3 Skull vault and face abnormalities
The abnormal shape of the head of the adult mutant mice had a skeletal basis.
The anterio-posterior compression of the snout (arrow in figure 2.8B) was visible on
the adult mutant skull (compare figures 2.8C and 2.8D). A class III malocclusion
was visible on full reconstructions of the adult skull based on CT-scan data (arrow
in figure 2.8F). Furthermore, the adult skull was clearly dome-shaped compared to
adult wild-type age-match controls (arrowheads in figures 2.8F and 2.8H). All 5
adult mutant mice had a similar skull phenotype.
2.3.2.4 Occlusal abnormalities
Most of Pkd2fl/fl;Wnt1-Cre mice showed severe occlusal disorders and died in the
first weeks after birth. Their long-term (1 year) survival rate at adult age was about
5% of live births, but no statistical result on survival rate is currently available (Dr
Ramin Raouf, personal communication). The occlusion of the adult mutants was a
class III malocclusion (arrow in figure 2.9B). This malocclusion was associated with
a deviated growth of the lower incisors (arrow in figure 2.9D). All 5 examined adult
mice had a similar occlusal phenotype.
2.3.2.5 Abnormalities in craniofacial sutures and cranial base synchon-
droses
In order to try to explain the peculiar shape of the skull in mutants, the patency of
the sutures in the face and the adult skull vault was examined, as well as the patency
of the adult cranial base synchondroses. The vault sutures were similar to the age-
match wild-type controls in all 5 adult mutant mice examined (data not shown).
Multiple facial suture fusions were observed when comparing the adult mutants
with the controls, involving the fronto-maxillary and the fronto-nasal sutures (arrow
in figure 2.10D). Histological details on the facial sutures are given in figure 6.11.
In brief, facial sutures had defective interdigitations and misinsertions of collagen
fibers within the borders. A similar phenotype was observed in all 5 mutants and
sutural histology was studied in one female specimen (figure 6.11).
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Figure 2.7: Spine abnormalities in adult Pkd2fl/fl;Wnt1-Cre mice. Adult mutant
female mouse showing short head-to-tail length, short snout (arrow) and kyphosis
compared to wild-type female littermate (A); standard X-rays show an increase
of the cervical lordosis (B, arrow) and of the dorsal kyphosis in the mutant (C,
E) compared to the wild-type. 3D reconstructions based on µCT show increased
cervical lordosis and dorsal kyphosis (F, G, arrow), cervical vertebræfusion (I, K,
arrows) and giant D1 processus spinosus (arrowhead in G)) in Pkd2fl/fl;Wnt1-Cre
mice.
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Figure 2.8: Adult Pkd2fl/fl;Wnt1-Cre mice have a dome-shaped skull and a short-
ened snout. (A, B) Shortened snout in mutants (arrowhead); (C, D, E, F) 3D
reconstruction based on µCT data showing shortened snout (D) and dome-shaped
skull (arrowhead in E and F) in adult Pkd2fl/fl;Wnt1-Cre mice; (G, H) midline
sagittal µCT section showing the dome-shaped skull (arrowhead). Female 1-year
old Pkd2fl/fl;Wnt1-Cre mouse and wild-type female age-matched littermate.
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Figure 2.9: Malocclusion in adult Pkd2fl/fl;Wnt1-Cre mice. (A, B) 3D reconstruc-
tion based on µCT data showing severe malocclusion (arrow in B); (C, D) maloc-
clusion is visible from a lower view of the head (arrow in D). Female 1-year old
Pkd2fl/fl;Wnt1-Cre mouse and wild-type female age-matched littermate.
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Figure 2.10: Suture and synchondrosis abnormalities in adult Pkd2fl/fl;Wnt1-Cre
mice. (A, B) short snout in adult Pkd2fl/fl;Wnt1-Cre mice (arrow in B) asso-
ciated with multiple suture fusion compared to age-matched wild-type control (ar-
rowhead showing the frontonasal suture fusion in D); (E, F, G, H) 3D reconstruction
based on µCT data showing fusion of the intra-sphenoidal synchondrosis (arrowhead)
and patency of the spheno-occipital synchondrosis (arrow) in adult Pkd2fl/fl;Wnt1-
Cre mice. Female 1-year old Pkd2fl/fl;Wnt1-Cre mouse and wild-type female age-
matched littermate.
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Figure 2.11: Normal skull in E18.5 Pkd2fl/fl;Wnt1-Cre embryos. (A, B) 3D re-
construction of the whole skull at E18.5 based on µCT data showing the absence
of skull abnormalities in Pkd2fl/fl;Wnt1-Cre embryos apart from a slight excess of
bone deposition along the sutures of the snout (arrow). (C, D) Cranial base in
Pkd2fl/fl;Wnt1-Cre embryos at E18.5 showing no difference with the age-matched
wild type control embryos.
The cranial base synchondroses were also abnormal in all 5 adult mutant spec-
imens examined. The intra-sphenoidal synchondrosis (between the pre- and post-
sphenoids) was fused in adult Pkd2fl/fl;Wnt1-Cre mice (arrowhead in figure 2.10F
and 2.10H). The spheno-occipital suture was on the contrary patent (arrow in figure
2.10F and 2.10H). Interestingly, the cranial base and the vault were normal in all
5 mutants embryos at E18.5 (figure 2.11). A moderate excess of bone deposition
along the snout sutures compared to wild-type embryos could solely be noted in all
5 mutant E18.5 embryos (arrow in figure 2.11B).
2.3.2.6 Nasal septum abnormalities
Cranial base abnormalities were associated with an abnormal position of the vomer
and a deviation of the nasal septum in all 5 adult specimens. The nasal septum was
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Figure 2.12: Distorted nasal septum in Pkd2fl/fl;Wnt1-Cre mice. (A-B) 3D recon-
struction based on µCT data showing that nasal septum of the mutant adult mice
is S-shaped; (C,D) horizontal sections reconstructed from µCT data showing an S-
shaped nasal septum in mutant adult mice; (E, F) same phenotype shown on H&E
staining of frontal sections.
in fact S-shaped in adult mutants (arrow in figure 2.12B and 2.12D). The deviation
concerned the bony vomer (arrow in figure 2.12D) and the cartilagineous septum
(arrow in figure 2.12F). Interestingly, the position of the vomer (arrow in figure
2.13B) and the shape of the septum (arrow in figure 2.13D) were normal in all E18.5
Pkd2fl/fl;Wnt1-Cre embryos.
2.3.2.7 Temporo-mandibular joint abnormalities
The Pkd2fl/fl;Wnt1-Cre mice are known to have difficulties in eating and mostly
die in the first days after birth (less than 5% survival rate at one year). In order
to screen for factors potentially explaining these feeding disorders, the structure of
the TMJ was investigated. Partial condyle ankylosis was observed in all 5 mutant
adults, probably limiting the jaw movements. In 2 specimens examined histologi-
cally, ankylotic condyles showed a collapse of the upper (arrow in figure 2.14B and
2.14D) and lower (arrowhead in figure 12B and 12D) articular cavities, a severely
thinned disc (arrow in figure 12F) and a disorganisation of the condyle head carti-
lage cellular architecture (figures 12F). 3D reconstructions based on CT-scan data
showed a bony fusion of the condyle head with the temporal glenoid cavity (double
arrowheads in figure 2.14H and 2.14J) in 2 specimens examined histologically. Inter-
estingly, the condyles were normal at E18.5 in Pkd2fl/fl;Wnt1-Cre embryos (figure
2.14L), suggesting that the ankylosis is a secondary post-natal anomaly.
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Figure 2.13: Normal septum in Pkd2fl/fl;Wnt1-Cre E18.5 embryos. (A, B) skeletal
preparations at E18.5 show that the septum is normal before birth in Pkd2fl/fl;Wnt1-
Cre mice; (C, D) normal histology of the nasal septum in Pkd2fl/fl;Wnt1-Cre em-
bryos at E18.5 (no deviation: arrow in D).
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Figure 2.14: Temporomandibular joint ankylosis in Pkd2fl/fl;Wnt1-Cre mice. (A-D)
H&E staining of frontal head sections in an adult Pkd2fl/fl;Wnt1-Cre mouse showing
the collapse of the lower articular cavity (arrowhead) between the condyle head and
the disc and the upper articular cavity (arrow) between the disc and the temporal
bone. (E-F) Polarised light microscopy of the temporomandibular joint in adult
wild-type and Pkd2fl/fl;Wnt1-Cre mice. In mutants, the condyle head cartilage is
disorganised and the articulation is collapsed - the articular disc is considerably
thinned (arrow) and the condyle head adheres to the temporal glenoid cavity. (G-
J) 3D reconstruction based on µCT data of an adult Pkd2fl/fl;Wnt1-Cre mouse
showing partial TMJ ankylosis (double arrowheads). (K-L) Frontal section of the
temporomandibular joint at E18.5, H&E staining. No obvious difference between the
wild-type and the Pkd2fl/fl;Wnt1-Cre mice. The adult mice used for the description
of the condyle were a female 1-year old Pkd2fl/fl;Wnt1-Cre mouse and a wild-type
female age-matched littermate.
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2.3.2.8 Molar abnormalities
Major dental abnormalities were associated with the skull malformations and defor-
mations. The most striking abnormality in molars was the presence of root dilacer-
ations both in mandibular (arrows in figures 2.15B and 2.15D) and maxillary teeth.
The fracture zone was filled with a fibrous tissue in continuity with the peri-odontal
ligament (figure 2.15F), confirming that the dilacerations was not post-mortem. Ra-
diological dental anomalies (dilacerations) were present in all 5 Pkd2fl/fl;Wnt1-Cre
mice examined using CT-scan; the mandible and maxilla of 3 mutant specimens
were studied histologically.
The other major abnormality in molars was the presence of a bone-like cellular
hard tissue in the pulp cavity (arrowhead in figure 2.15H, 2.15I and 2.15J). The
regions where this abnormal hard tissue, morphologically similar to osteodentine,
was found were characterized by an interruption of the late odontoblast layer (com-
pare figure 2.15I and 2.15J). These anomalies of the pulp cavity were found in the
3 mutant mice studied histologically. Using high-resolution synchrotron imaging of
mandible in one mutant specimen, it was shown that the fractured tip of the molars
in adult Pkd2fl/fl;Wnt1-Cre mice had a root canal, thus confirming that the tissue
distal to the dilacerated root was the apex (figure 2.16).
In order to understand the origin of the root dilacerations, picrosirius stainings
were first performed of the wild-type and mutant molars in one adult Pkd2fl/fl;Wnt1-
Cre female mouse, which showed qualitative depletion of collagen in the dentine
of the molars. This collagen depletion may possibly have made the dentin more
brittle (data not shown but similar collagen depletion affecting not dentine but
craniofacial bones is apparent in figure 6.11) Furthermore, several abnormalities in
the parodontal tissues were noticed. First, using CT-scan imaging, it was shown that
there was a severe alveolar bone loss in mutants compared to age-match wild-types
(figure 2.17B) in all 5 adult specimens. This bone loss was confirmed histologically in
3 adult specimens: the distance between the cemento-enamel junction (arrowhead
in figure 2.17F) and the upper limit of the alveolar bone ridge (arrow in figure
2.17F) was significantly increased. The insertion of the periodontal ligament was
also abnormal, even though it was not possible to determine if the aberrant ligament
bundles (arrow in figure 2.17J) were primary disorders or were secondary to dentin
resorption (as indicated by the arrowhead in figure 2.17J). In order to visualise
the periodontal ligament, radioactive in situ hybridation for periostin RNA was
performed in one adult specimen. Periostin is present in the periodontal ligament
CHAPTER 2. CRANIOFACIAL DEVELOPMENT IN PKD2 MUTANTS 71
Figure 2.15: Molar pulp and root abnormalities in adult Pkd2fl/fl;Wnt1-Cre mice.
(A-D) 3D reconstruction of mandibular molars based on µCT data showing root
fractures in adult Pkd2fl/fl;Wnt1-Cre mice (arrows); (E, F) H&E staining of frontal
sections of an adult Pkd2fl/fl;Wnt1-Cre mouse showing mandibular molar tooth
dilaceration with the filling of the gap with fibrillar tissue compared to the age-
match wild-type control (E); the dentin surrounding the gap is abnormal (arrow in
F) and resorption is observed (arrowhead in F). (G, H, I, J) Hard tissue deposition
in the pulp cavity (arrowhead in H) compared to the wild-type age-match control
(arrowhead in G); the odontoblast layer is interrupted in the areas with hard-tissue
deposition (arrowhead in J). Female 1-year old Pkd2fl/fl;Wnt1-Cre mouse and wild-
type female age-matched littermate.
and absent in the teeth and the alveolar bone. The width of the ligament was
severely increased (figure 2.17L), but this increase could result from primary ligament
abnormalities as well as from the alveolar bone erosion.
2.3.2.9 Incisor abnormalities
Some abnormalities found in incisors were similar to those found in molars but others
abnormalities were specific. Both upper and lower incisors showed wavy enamel and
deep grooves in all 5 adult Pkd2fl/fl;Wnt1-Cre mice (arrowheads in figure 2.18A
and 2.18D). Maxillary mutant incisors showed abnormal deposition of a bone-like
tissue at their proximal insertion (arrow in figure 2.18B). Histological examination
in 3 adult mutant specimens showed that these hard tissue depositions were made
of a bone-like cellular tissue. Similar to the phenotype found in molars, bone-
like depositions in the pulpar cavity were also observed in adult mutant incisors
(arrows in figure 2.18F). In order to determine if the depositions inside the pulp
cavity were linked to a dysfunction of the late odontoblast layer, radioactive in situ
hybridation was performed in one adult specimen in order to localise the expression
of Dspp in the mutant incisors. Dspp was not present all along the odontoblast
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Figure 2.16: High resolution imaging of the mandible in adult Pkd2fl/fl;Wnt1-Cre
mutants using synchrotron X-ray microtomography. (a) Mandibular molars have
broken roots (red arrow) and pulp stones (blue arrow). (b) 3D reconstruction of the
mandible showing the low level of the alveolar bone (blue arrow) and the root fracture
(red arrow). (c) Details of the fractured region of a molar root showing that the
distal fragment has a root canal (red arrow). Female 1-year old Pkd2fl/fl;Wnt1-Cre
mouse. Experiment performed in collaboration with Dr Paul Tafforeau, European
Synchrotron Radiation Facility, Grenoble, France.
CHAPTER 2. CRANIOFACIAL DEVELOPMENT IN PKD2 MUTANTS 73
Figure 2.17: Alveolar bone loss in adult Pkd2fl/fl;Wnt1-Cre mice. 3D reconstruc-
tion based on µCT data showing mandibular molar alveolar bone loss (A-B) and
subsequent crown loss (C-D) in adult Pkd2fl/fl;Wnt1-Cre mice; alveolar bone loss
is confirmed by histology (E-H); the mutant periodontal ligament (I-J) is formed of
normally inserted bundles (arrowhead) and abnormally inserted bundles (arrow); the
expression territory of periostin (K-L) is abnormally wide in adult Pkd2fl/fl;Wnt1-
Cre mice. Female 1-year old Pkd2fl/fl;Wnt1-Cre mouse and age-matched adult
wild-type female littermate.
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layer in the mutant teeth. The interruption in Dspp expression corresponded to
the bone-like deposits (arrowhead in figure 2.18H). As for molars, the expression of
periostin was also checked in the periodontal ligament of mutant incisors in one adult
mutant specimen. The expression domain of periostin was expanded compared to
the controls (figure 2.18J).
2.3.2.10 Brain anomalies
In addition to the craniofacial abnormalities, the brain of 2 Pkd2fl/fl;Wnt1-Cre adult
mice was also examined since patients with ADPKD develop brain aneurysms. First,
in these 2 mutants, the outline of the brain was abnormal and followed the abnormal
shape of the skull. Brain aneurysms were found in small meningeal arteries in the
frontal region (2 aneurysms found in each brain examined, figure 2.19). The brain,
brainstem and cervical spinal chord tissues did not show any malformations in serial
sections. The lateral ventricles (arrows in figure 2.20B and 2.20D) and the third
ventricle (data not shown) were enlarged compared to the wild-type and created
a condition called hydrocephalus. It is not possible to assess whether this hydro-
cephalus was communicating as multiple cysts of the choroid plexi, located both
in the third and the lateral ventricles, were found (arrowheads in figure 2.20B and
2.20D). The choroid plexi were otherwise morphologically normal, and in particular
they had no vascular anomalies. In order to confirm the contribution of neural crest
cells to the formation of the choroid plexi, LacZ staining on R26R-Wnt1-Cre mice
was performed. These stainings confirmed the presence of neural crest cells in the
choroid plexi of the lateral ventricles (figures 2.20E and 2.20F), as well of the third
ventricle.
2.4 Discussion
2.4.1 Pkd1 vs. Pkd2 inactivation in neural-crest cells: sim-
ilarities and differences
The inactivation of Pkd1 in neural crest derived cells using a Pkd1fl/fl;Wnt1-Cre
construct induces delayed intramembranous ossification, a thin skull base, a dome
shaped skull, a short snout, nasal, premaxillary and maxillary bone hypoplasia,
premature fronto-nasal and fronto-premaxillar suture fusion, premature prespheno-
sphenoidal synchondrosis synostosis, malocclusion and overall delay in post-natal
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Figure 2.18: Incisor abnormalities in adult Pkd2fl/fl;Wnt1-Cre mice. (A) 3D recon-
struction of an upper incisor in an adult mutant mouse based on µCT data showing
distortion, wavy enamel and grooves (arrowheads); (B) lower incisor in an adult
mutant mouse showing proximal hard-tissue deposits; (C, D) H&E staining show-
ing wavy enamel in an adult mutant mouse; (E, F) H&E staining showing abnormal
hard-tissue deposits in the pulp of lower incisors of an adult mutant mouse (arrows in
F); (G, H) radioactive in situ hybridisation showing interruption in Dspp expression
along the odontoblast layer in the lower incisors of adult mutant mice (arrowhead in
H); (I, J) radioactive in situ hybridisation showing a broadening of the expression
domain of periostin in the upper incisors of adult mutant mice. Female 1-year old
Pkd2fl/fl;Wnt1-Cre mouse age-match adult wild-type female littermate.
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Figure 2.19: Brain aneurysms in Pkd2fl/fl;Wnt1-Cre mice, affecting frontal
meningeal arteries. (A) normal meningeal artery in an adult wild-type age-matched
mouse. (B, C) arterial aneurysms affecting frontal meningeal arteries in an adult
female Pkd2fl/fl;Wnt1-Cre mouse.
Figure 2.20: Hydrocephalus and choroid plexus abnormalities in Pkd2fl/fl;Wnt1-
Cre mice. (A,B) frontal sections showing the dilatation of the lateral ventricles
(arrow in B) and a choroid plexus cyst (arrowhead in B) in adult Pkd2fl/fl;Wnt1-
Cre mice; (C, D) same phenotype in the temporal horns of the lateral ventricles:
ventricular dilatation (arrow in D) and choroid plexus cyst (arrowhead in D) in
adult Pkd2fl/fl;Wnt1-Cre mice; (E) whole mount LacZ staining of the brain of an
adult R26R-Wnt1-Cre mouse showing the presence of neural crest derived cells in
the choroid plexi of the lateral ventricles (same region as in A and B); (F) LacZ
staining on histological sections of the same brain as in E showing the presence of
neural crest derived cells in the choroid plexi of the temporal horn of the lateral
ventricles (same region as in C and D).
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growth (Kolpakova-Hart et al., 2008). Interestingly, the inactivation of Pkd1 in
mesodermal skull cells using Pkd1fl/fl;Dermo1-Cre constructs induces a very sim-
ilar phenotype to the neural-crest conditional knock-out (Kolpakova-Hart et al.,
2008), with a notable difference in the skull base. With the Wnt1 driver, only the
presphenoid synchondrosis (PSS) is fused whereas mesodermal inactivation using a
Dermo1 driver leads to the fusion of both the PSS and the sphenooccipital synchon-
drosis (SOS). These results suggest the absence of contribution of the neural crest
to the SOS (McBratney-Owen et al., 2008).
The skull phenotypes of Pkd1fl/fl;Wnt1-Cre and Pkd2fl/fl;Wnt1-Cre mutants are
similar although the teeth and condyles are not mentioned in Kolpakova-Hart et
al. (2008). This phenotype seems to be the consequence of a low chondrocyte pro-
liferation rate, probably resulting from an excessive apoptosis in the periosteum.
Using a specific osteoblastic reporter (Pkd1fl/fl;Osx-Cre), it has been shown that
the defect was not due to a lack of osteoblast proliferation (Kolpakova-Hart et al.,
2008). The same team has used an intra-buccal mechanical device in order to relate
bone formation and mechanical stress in Pkd1 mutants (Hou et al., 2009). Their
results tend to show that Pkd1 is a major element in the transmission of mechanical
stress to periosteal osteochondroprogenitor cells. Although no mechanistic proof for
the role of Pkd2 is provided in this study, the disturbance of the Sharpey’s fibres
in the periodontal ligament of the Pkd2 mutants and the exclusive presence of an
abnormal phenotype in adult mutant mice are in line with the role of Pkd genes in
stress-related bone maintenance.
2.4.2 Dome-shaped skulls
Dome-shaped skulls are observed in Pkd1fl/fl;Wnt1-Cre mice (Kolpakova-Hart et
al., 2008), in mice with an inactivating mutation in the mesenchymal (IIIc) splice
variant of Fgfr2 (Eswarakumar et al., 2002) and in Ltbp3 null mice (Dabovic et al.,
2002a,b). The Fgfr2 IIIc mutation induces the formation of a bony bridge across the
spheno-occipital synchondrosis whereas the Ltbp3 null mutation causes the forma-
tion of bony bridges across both the spheno-occipital and the prespheno-sphenoidal
synchondroses. Furthermore, the BALB/c-bm/bm mouse line, that shows a dome
shaped skull, presents with a spheno-occipital synostosis and a malocclusion but
no specific genetic defect has been found in this line (Tsukamoto et al., 2006). It
is conceivable that there is a relationship between the skull vault outline and the
cranial base synchondroses. For instance, it has been stated that the main source
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of skull deformation in craniosynostosis lies in the skull base (Moss, 1975). Pkd2
mutants also suggest that the cranial base synchondroses play a major role in the
shape of the skull vault, while other mutants like Ihh−/− show that the cranial base
is not the only determinant of the skull vault shape. In fact, in the Ihh mutant mice,
the intra-sphenoidal synchondrosis is disorganised due to the abnormal proliferation
and maturation of chondrocytes (Young et al., 2006) and the conditional deletion
of the cilia-related gene Polaris in cartilage leads to a partial premature fusion of
the two sphenoidal synchondroses (Ochiai et al., 2009). However, these two mutants
show no dome-shaped skulls. These data suggest that the effects of the fusion of the
cranial base synchondroses on the formation of a dome-shaped skull may depend on
the timing of the fusion.
2.4.3 Temporomandibular joint ankylosis
Mice with a conditional deletion of Shox2 in the neural crest (Shox2fl/fl;Wnt1-
Cre constructs) show adhesion of the articular disc to both the dysplastic glenoid
fossa and the condyle head (Gu et al., 2008). Conditional Pkd2 mutants have a
temporomandibular joint (TMJ) phenotype similar to conditional Shox2 knock-out
mice, with abnormal disc and disorganisation of the condyle head but their glenoid
fossa is normal. Unlike the Shox2 mutant, Ihh (a major factor in chondrogenesis)
mutants show no articular disc and delayed chondrocyte maturation but their glenoid
fossa is normal (Shibukawa et al., 2007). Articular disc formation seems to be a
specific effect of Ihh deletion. Furthermore it has been shown that Gli2 regulates
disc formation (Purcell et al., 2009). Disc separation from the condyle is inhibited by
the removal of Smo from Sox9 -expressing cells in the condyle. Ihh is thus involved
in the separation of the disc and in the formation of the joint cavities (Purcell et
al., 2009). The disturbance of Ihh signalling leads to ankylosis, as what is observed
in Pkd2 mutants. Furthermore, it has been suggested that the delay in condylar
chondrocyte maturation in Ihh mutants involves the Ihh-PTHrP loop (Shibukawa
et al., 2007), since PTHrP overactivity disturbs chondrocyte maturation without
affecting the disc or the glenoid cavity (Tsutsui et al., 2008). In Pkd2fl/fl;Wnt1-
Cre mutants, the condyle architecture is disturbed and the disc is severely thinned,
whereas all the elements of the TMJ are present. The articulation is however normal
at E18.5. The observed TMJ abnormalities may thus be the result of post-natal
deformations rather than early alterations of joint formation.
CHAPTER 2. CRANIOFACIAL DEVELOPMENT IN PKD2 MUTANTS 79
2.4.4 Abnormal hard-tissue depositions
The deposition of an excess of cellular cement-like tissues is observed in the proximal
part of the maxillary incisors of older adult Pkd2fl/fl;Wnt1-Cre mutants. Ank mu-
tants show excessive cementum formation by accumulation of intracellular PPi and
depletion in extracellular PPi (Nociti et al., 2002; Popowics et al., 2005). Further-
more, Tnap mutations induce defective cementum formation by hypophosphatasia,
with associated tooth loss (Henthorn et al., 1992; Beertsen et al., 1999). Cement-like
depositions in Pkd2fl/fl;Wnt1-Cre mutants are age related, and have probably little
in common with the mechanisms involved in Ank and Tnap mutants, as those muta-
tions induce primary disorders appearing during tooth development. c-Src mutants
with osteopetrosis have cementum deposition around the dental roots which highly
expresses periostin (Baba et al., 2006). In these mice, acellular cement-like struc-
tures with a high fibrillar component (acellular extrinsic fiber cementum, AEFC) are
found around the tooth root (Baba et al., 2006). It has been proposed that abnormal
AEFC deposition is caused by impaired osteoclastic activity around the periodontal
ligament. In humans, certain fibro-osseous lesions of the jaws can be caused by
repeated mechanical trauma. Fibro-osseous lesions group together cemento-osseous
dysplasia, cemento-ossifying fibroma and fibrous dysplasia. Fibrous dysplasia is
characterized by high levels of expression of periostin (Kashima et al., 2009). Pe-
riostin is known to be expressed in the muscle insertion zones and could play a
critical role in the transmission of the mechanical information to the bone (Rios et
al., 2005; Sharif-Naeini et al., 2009). Interestingly, both Pkd2 and periostin null
mice show periodic ridges on the lower incisor enamel, creating a wavy aspect. Fur-
thermore, periostin is expressed along Sharpey’s fibers and the insertion pattern of
Sharpey’s fibers of the periodontal ligament is disturbed in Pkd2fl/fl;Wnt1-Cre mu-
tants. Cementum deposition in Pkd2fl/fl;Wnt1-Cre mutants could possibly share
common mechanisms both with cementum deposition in c-Src mice and with fibro-
osseous lesions of the jaws via the intercession of periostin.
Runx2, known to be downstream of Pkd1 (Xiao et al., 2004, 2006, 2008) is coupled
to Pkd1 via intracellular calcium. More precisely, two transcription factors (NFI
and AP-1) mediate Pkd1-dependent activation of the Runx2-II (Xiao et al., 2008).
However, the phenotype of Runx2 mutations in humans and mice show little in com-
mon with the phenotypes of Pkd mutations. RUNX2 haploinsuffiency in humans
is called cleidocranial dysplasia and consists in supernumerary teeth, delayed teeth
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eruption and lack of cellular cement in permanent teeth (Zou et al., 2003). Heterozy-
gous Runx2 mutations in mice show a different phenotype such as extra transient
maxillary palatal molar bud and impairment of osteoclast recruitment (A˚berg et al.,
2004). Nevertheless, due to the known interactions of Runx2 with Pkd1, the interac-
tion of Runx2 with Pkd2 cannot be ruled out in the postnatal stages of craniofacial
development.
2.4.5 Root dilaceration
In most human cases, tooth dilaceration is post-traumatic (Jafarzadeh & Abbott,
2007). The Pkd2 mutant exhibits severe dilaceration in the roots of the mandibular
molars. The onset of this dilaceration is post-natal and eventually leads to total
tooth loss in old mutants. Post-natal dilaceration in conditonal Pkd2 mutants can
be caused by several mechanisms: abnormal occlusal force, region specific frailty of
dentin and lack of sensitivity of the periodontal ligament to occlusal force (Luan et
al., 2006).
2.4.6 Pkd2 and intracellular calcium
Intracellular calcium concentration is involved in the selective activation of the
Runx2-II isoform and in the activation of the NFI/AP1 pathways. Pkd1 regulates
the Runx2-II P1 promoter through intracellular calcium (Xiao et al., 2008); further-
more, Pkd1 or Pkd2 mutations impair Pkd1-Pkd2 complex formation and modify
intracellular calcium concentration (Xiao et al., 2010). Finally, the relative activa-
tion of the canonical and the non-canonical Wnt pathways are calcium-dependant
and could rely on polycystins and primary cilia (Xiao et al., 2010). In brief, poly-
cystins and primary cilia could modify the intracellular calcium concentration in
response to external stimuli, which would have different effects according to the cell
type and the differentiation stage. For instance, in the ageing mutant mice, the im-
pairment in calcium signalling could lead to abnormal bone maintenance in response
to mechanical stress.
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2.4.7 Choroid plexus abnormalities and brain aneurysms
Choroid plexi are specialised structures that produce most of the cerebrospinal fluid
(CSF). Their epithelium derives from the neural tube epithelium and their mes-
enchyme from the meninges. It is known that the mammalian meninges are neural-
crest derived (Jiang et al., 2002). Hydrocephalus is a known consequence of muta-
tions in cilia-related genes in mice (Taulman et al., 2001), including Pkd1 mutants
(Wodarczyk et al., 2009). In all these cases and in Pkd2 mutants, ventricular en-
largement is functional and does not result from a ventricular obstruction. It is thus
believed that functional cilia are essential for the regulation of the CSF flow (Tissir
et al., 2010). Interestingly, patients with ADPKD do not develop hydrocephalus,
indicating that the loss of the two PKD2 alleles may be necessary to induce severe
ciliary dysfunction in the choroid plexi. Choroid plexi cysts have not been reported
in cilia-related gene mutants. In ADPKD patients, the prevalence of choroid plexi
cysts is not higher than in the general population (Schievink et al., 1995). Choroid
cyst formation may thus be specific to the loss of the two Pkd2 alleles.
Pkd2 is expressed in vascular endothelial cells (Ecder & Schrier, 2009). Further-
more, it has been shown that cranial neural crest provides pericytes and smooth
muscle cells to all blood vessels of the face and forebrain in avians (Etchevers et
al., 2001). We found brain aneurysms in the brain of two adult female specimens of
Pkd2fl/fl;Wnt1-Cre mice. Interestingly, ADPKD is one of the main risk factor for
unruptured intracranial aneurysms (UIA): compared with patients who did not have
the relevant comorbidity or risk factors, sex-adjusted and age adjusted prevalence
ratios (PR) for UIA are significantly higher for patients with ADPKD (Vlak et al.,
2011). Within patients with ADPKD, the PR for patients with ADPKD and a fam-
ily history of subarachnoid haemorrhage or UIA was 2.0 (95% confidence interval:
0.5-7.4) compared with patients with ADPKD but no family history of UIA (Vlak et
al., 2011). UIA are thus a major concern in the followup of patients with ADPKD.
There are few animal models of UIA available but most are in larger species such as
dogs, pigs, or rabbits. The standard mouse model for UIA consists in the ligation of
the left common carotid artery and bilateral renal arteries and in the placement of
the mice on a high-salt diet, which produces aneurysmal changes at the right ante-
rior cerebral artery - olfactory artery bifurcations (Morimoto et al., 2002). However,
aneurysms are not consistently produced by this model and tend to be microscopic
in scale (Morimoto et al., 2002). There is currently no transgenic mouse model for
UIA and screening more Pkd1fl/fl;Wnt1-Cre and Pkd2fl/fl;Wnt1-Cre mice for UIA
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could be a starting point for establishing a non-mechanical mouse model for the
study of UIA.
2.5 Conclusion
Pkd2 mutants have a range of craniofacial abnormalities that can be related to the
function of the Pkd2 protein as a stress-activated calcium channel. We described
the phenotype of the Pkd2fl/fl;Wnt1-Cre mutant and shown that most of the cran-
iofacial anomalies found in these mice are compatible with an abnormal response to
mechanical stress. The direct involvement of mechanical forces in the appearance
of the craniofacial phenotype in Pkd2fl/fl;Wnt1-Cre mice has nevertheless not been
demonstrated.
2.6 Perspectives
In order to obtain more reliable data on the Pkd2fl/fl;Wnt1-Cre phenotype, a larger
number of mutant mice have to be analysed. As the survival rate of these mice is
very low (5% of new-borns reach 1 year of age, Dr Ramin Raouf, University College
London, personal communication) mainly due to occlusal disorders, modifications
of the diet (adapted soft diet) may increase survival and thus help to provide more
samples for phenotypic studies. Furthermore, the dependency of the phenotype on
the diet could then be tested: as we hypothesise that the post-natal phenotype be-
comes more marked with increasing external mechanical stimulations, modifications
of the craniofacial phenotype related to the softness of the diet would provide argu-
ments in favour of the role of Pkd2 in mechanosensation. Nevertheless, the direct
assessment of the involvement of Pkd2 in the in vivo bone response to external me-
chanical stimuli can only be tested by using distraction devices such as in Hou et al.
(2009).
Chapter 3
Dense surface modelling of the
face in human PKD mutations
3.1 Introduction
3.1.1 ADPKD and craniofacial development in humans
ADPKD is not associated with any craniofacial malformations in humans. Never-
theless, human cases with homozygous inactivating mutations in PKD1 or PKD2
are not known and could potentially have facial abnormalities. Interestingly, several
cases of ADPKD due to PKD1 hypomorphic alleles are reported in humans where
homozygous patients develop moderate to severe polycystosis and mouse models
with hypomorphic Pkd1 alleles are also described (details in section 2.1). No genetic
variant of ADPKD has been associated with craniofacial anomalies so far, except
from a study reporting drooping upper eyelids in patients with ADPKD without
available genotyping (Meyrier & Simon, 1994). We have shown that a mouse model
with a conditional homozygous Pkd2 mutation in neural-crest derived cells has cran-
iofacial defects. The results indicate that there may be moderate and progressive
modifications in the faces of patients with ADPKD related to mechanical stresses
such as mastication or nasal breathing. For these reasons it was decided to investi-
gate the faces of patients with ADPKD using dense surface modelling of 3D facial
photography.
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3.1.2 3D photography and dense surface modelling in dys-
morphology
3D photography captures the surface of the face. The resolution of the current
stereophotogrammatic devices is largely sufficient for the analysis of the finest details
of the facial phenotype. Using surface information, statistical methods such as dense
surface modelling are designed to screen for small deviations from normal facial
features when subjects belonging to a group of affected individuals are compared
with a control group (Hutton, 2004; Cox-Brinkman et al., 2007; Hammond et al.,
2008). This approach is very useful when syndromes are associated with a poorly
characterised but distinctive face (Tobin et al., 2008), or when no obvious facial
feature is reported in a given syndrome for which a facial involvement is plausible
(Hammond et al., 2012), for instance based on the known function of the causal
gene.
3.1.3 Conduct of the clinical study
Such a study involves interaction with patients and first required a national ethics
approval delivered by the National Research Ethics Service. The application was
made through the Integrated Research Application System (IRAS) and the appli-
cation was reviewed by the East London 3 Research Ethics Committee (REC). On
behalf of the Committee by the Chair on the 9th of September 2010, a favourable
ethical opinion was confirmed for the project named “Dense surface modelling of the
face of ADPKD patients with PKD1 or PKD2 mutations”. The study was regis-
tered under the REC reference number 10/H0701/98. The documents reviewed and
approved by the Committee are listed in table A.1 and two examples are provided
(documents A.1 and A.2).
A local R&D approval was delivered by Addenbrookes hospital in Cambridge
(R&D reference A091992). Due to time constraints, the R&D approval from Great
Ormond Street Hospital could not be obtained. The study took place in the Ad-
denbrookes Treatment Center during the fortnightly Renal Genetics and Tubular
Disorders Clinic, under the supervision of Dr Richard Sandford (GMC 3067442),
consultant in clinical genetics. 20 unrelated Caucasian patients meeting the diagno-
sis criteria for ADPKD were acquired in 5 sessions (table 3.1). None of the patients
had chronic renal failure necessitating dialysis and none had benefited from a renal
graft or was taking immunosuppressive therapy. None of the patients had a history






















Table 3.1: Composition of the affected population seen at Addenbrookes Hospital,
Cambridge. The average total age is 44.5. The average age of male subjects is 47.4;
the average age of female subjects is 48.8. FE: excluded due to wrong framing of
the 3D photograph. Patients were considered PKD1 mutants when the screening
for PKD2 mutation was negative.
of facial surgery. All patients gave their written consent to the participation to the
study after being informed about the research project and being given a detailed
information sheet. One patient had to be secondarily excluded due to wrong framing
of the 3D photograph. The M/F ratio was 8/11 and 6 patients were diagnosed with
PKD2 mutations. The 13 other patients did not have any PKD2 mutations and
were thus considered as PKD1 positive ADPKD patients.
3.2 Materials and Methods
3.2.1 3D photography
The chosen camera was a Vectra CR-series 3D stereophotogrammatic camera from
Canfield (Fairfield, New-Jersey, USA) using a total of 8 lenses (4 on each side of the
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Figure 3.1: Vectra CR-series 3D stereophotogrammatic camera from Canfield (Fair-
field, New-Jersey, USA). General setting of the camera at Addenbrookes hospital,
Cambridge; detail of the lateral rows of lenses; calibration using a standard board.
device, see figure 3.1). Its texture resolution was of 10 megapixels and its geometric
accuracy < 0.3 mm. The capture time was 2 milliseconds. The device was equipped
with 2 intelligent flash units and was directed via a remote control. The device
was first calibrated using a standard calibration panel (figure 3.1). The number of
surface points captured by this camera was of the order of 30000 on an adult face.
The surfaces were automatically processed as polygonal meshes. The resulting mesh
was subjected to dense surface modelling (DSM).
3.2.2 Dense surface modelling
DSM is a technique for modelling biological surfaces. In order to extract relevant
informations from any 3D picture of a human face, two problems have to be solved:
− a correspondence problem: How to map each point on one face to another ?
− a modelling problem: How to obtain relevant information from a very large
number of parameters ?
It has been shown that it is possible to address these issues using DSM and build
dense surface models from surface scans of varying shape that include small holes and
other errors (for instance the nostrils or the shade of the eyebrows), when supplied
with a small number of hand-placed landmarks (Hutton, 2004; Cox-Brinkman et al.,
2007; Hammond et al., 2008).
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Of note, it is meant by dense that the accuracy of the mesh is much greater than
the smallest relevant details of facial morphology.
3.2.3 Dense surface modelling algorithm
The first step in the DSM algorithm is to place landmarks manually on each face.
Landmarking is performed using dedicated softwares developed in the laboratory of
Pr Peter Hammond (Institute of Child’s Health, University College London). 22
validated landmarks (Aldridge et al., 2005) were used for this study (figure 3.2).
16 of these landmarks were paired and labelled in a left-right manner: palpebrale
superius, palpebrale inferius, endocanthion, exocanthion, alare, crista philtrum, oto-
basion inferius and cheilion. 6 other landmarks were not paired and located on the
midline: nasion, pronasale, subnasale, labiale superius, labiale inferius and gnathion.
Some landmarks required the use of a precise protocol for their placement.
− The nasion is located in the middle of the bridge of the nose, forward of the
frontonasal suture, at the level of the upper eyelids. The face has to be rotated
to check that the placement of the landmark appears correct.
− The pronasale corresponds to the tip of the nose. Generally, this landmark
is located at the centre of a lighter patch corresponding the reflection of the
flashlights on the skin.
− The alare is at the center of a virtual circle formed by the alæ nasi.
− The gnathion is the most forward and downward point of the chin. It corre-
sponds to the first point of contact with a 45◦ plane when the head is judged
to be in a natural posture.
The other landmarks do not require any specific placement protocol and corre-
spond to straightforward anatomical structures.
The control population was built from the datasets stored in Pr Hammond’s
laboratory at UCL. The control group consisted in 203 Caucasian subjects, 88 males
and 115 females. The average age of the males was 37.8, the minimum age was 16.2
and the maximum age was 70.4 (median age at 38.5). The average age of the females
was 36.3, the minimum age was 15.3 and the maximum age was 70.3 (median age
at 34.7). This control population was landmarked in a similar way as the affected
population.
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Figure 3.2: Hand-placed landmarks on stereophotogrammatic pictures. 22 land-
marks were placed on each face of the affected and control groups. See text for
details on the localisation of the landmarks.
A further step in the DSM algorithm is forming the dense correspondence be-
tween the surface meshes. Using the procrustes algorithm to compute mean land-
marks and thin-plate splines to warp face surfaces to the mean landmarks, a set
of face surfaces can be closely aligned. The points on a selected face can then be
mapped to the closest points on each face to produce a dense correspondence of tens
of thousands of points across all images. An average face surface of the set is then
readily computed. The differences between the positions of the densely corresponded
points on each face surface and those on the overall average face are subjected to
a principal component analysis (PCA). From the resulting set of principal compo-
nents (PCs) or PCA modes, those accounting for 99% of all shape variation are
selected and referred to as a dense surface models (Hutton, 2004; Cox-Brinkman et
al., 2007; Hammond et al., 2008). Using these DSMs, static images were computed
comparing the mean faces of the controls to the patients, and the mean faces of the
controls to the mean face of the affected group. The densely corresponded points
used to compute each DSM were colour coded on each individual face and on the
mean face of the affected group in order to visualise localised distance between it
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and the unaffected mean surface. Points were shown in green if they were insepa-
rable from their corresponding points on the unaffected mean surface with respect
to a particular scale range (-r, +r). Red was used where the affected surface was
smaller and r mm or more within the control mean surface and blue was used where
the affected surface was larger and r mm or more beyond the control mean surface.
Intermediate colours of the red-blue spectrum shown on the associated scales reflect
distances between -r mm and +r mm (Cox-Brinkman et al., 2007).
3.2.4 Symmetry analysis
For analysis of asymmetry, a mirrored form of each face surface was generated and
swapped over the landmarks before resampling the surface, effectively interpolating
a dense set of landmarks on both sides of the face. Thus, the interpolated landmarks
were matched-paired across the face. More precisely, a DSM was constructed from
the combined set of densely corresponded face surfaces and their mirrored forms.
The Euclidean distance between the DSM-based representations of the surface of a
face (or a face patch, here the nose) and its mirrored form was used as a measure or
index of asymmetry (Hammond et al., 2008).
3.2.5 Linear measurements using facial soft-tissue landmarks
In order to support the results of the surface analysis, linear (Euclidian) measure-
ments were performed using the soft-tissue landmarks previously placed. The ob-
tained distances are indicated in table 3.2.
Using these first measurements, normalised distances were calculated in order to
be able to compare them within the two groups of control and affected individuals
(table 3.3)
3.3 Results
3.3.1 Description of the facial phenotype in ADPKD using
surface analysis
The application of DSM to high-resolution 3D photographs allowed demonstrating
that ADPKD is associated with a characteristic face. Principal component anal-
ysis shows that PC2, corresponding to vertical movements, relates to a significant
elongation of the upper third of the face. This elongation does not depend on age
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Landmarks used Abbreviation Anatomical significance
Subnasale to lip center s-lc Height of the philtrum
Nasion to subnasale n-sn Height of the nose
Nasion to lip center n-lc Height of the midface
Nasion to gnathion n-g Facial height
Lower right ear attachment to lower left ear 
attachment
rlea-flea Facial breadth
Left exocanthus to right exocanthus lex-rex External ocular width
Left endocanthus to right endocanthus len-ren Internal ocular width
Right endocanthus to right exocanthus ren-rex Width of the right palpebral fissure
Left endocanthus to right exocanthus len-lex Width of the left palpebral fissure
Left middle of upper eye-lip to left middle 
of lower eye-lid
lmue-lmle Height of the left palpebral fissure
Right middle of upper eye-lip to left middle 
of lower eye-lid
rmue-rmle Height of the right palpebral fissure
Table 3.2: Landmarks used for the linear measurements and anatomical significance
of the measured distances.
Normalised distance Formula Anatomical significance
Outer canthal distance lex-rex/rlea-flea Normalised external ocular width
Inner canthal distance len-ren/rlea-flea Normalised internal ocular width
Palpebral fissure length (ren-rex+len-lex)/2)/rlea-flea Normalised  average  palpebral  fissure 
length
Midfacial length n-sn/n-lc Normalised length of the nose
Table 3.3: Normalised distances based on soft-tissue landmarks defined in table 3.2.
(figure 3.3). The analysis of the modifications along the x, y and z axes confirms
the elongation of the upper third of the face and shows a twist of the lower third of
the face (figure 3.4).
A closer view of the peri-orbital region in patients with ADPKD confirms the
elongation, shows moderate hypertelorism and deep set orbits (figure 3.5). Snapshots
from a morph between a mean control face and a mean ADPKD face shows this
progressive elongation (figure 3.6).
The global asymmetry of the face of patients with ADPKD is higher that in con-
trol face, as demonstrated by the calculation of an asymmetry index. This asymme-
try predominates in the nasal region for medio-lateral movements in both controls
and ADPKD cases but is higher in intensity in affected individuals (figure 3.7).
3.3.2 Description of the facial phenotype in ADPKD using
linear measurements
Detailed analysis of Euclidian distances computed using the 3D facial landmarks
showed subjects to have a moderate midface hyperplasia (lengthening of the nose
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Figure 3.3: Second principal component (PC2) from the statistical principal com-
ponent analysis model accounting for facial lengthening. The global variance of
both affected and control groups is homogenous but the affected faces have non-
dysmorphic distinctive features corresponding to a specific lengthening of the upper
third of the face. Redness and yellowness indicate lower vertical shift, and blueness
means upper vertical shift in comparison with no shift (green). PC2 does not depend
on age.
Figure 3.4: Facial modifications in ADPKD along the x, y and z axes. Patients
with ADPKD have a significantly longer upper third of the face and a significantly
asymmetrical mandible.
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Figure 3.5: Peri-orbital modifications in ADPKD along the x and z axes. Patients
with ADPKD have a significantly slight hypertelorism and deep-set orbits.
Figure 3.6: Morph from a mean control face (upper left) to a mean ADPKD face
(lower right).
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Figure 3.7: Facial asymmetry in ADPKD patients. The asymmetry index has signif-
icantly higher values in the ADPKD group, indicating a global increase of the facial
asymmetry. The asymmetry predominates in the nasal region in both controls and
ADPKD patients but is higher in intensity in patients.
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witnessed by an increase in the ratio between the nasion-pronasale and the nasion-
subnasale distances, p=0,0265) with a tendency to worsen with age as opposed to
the control group (r=+0.4599, p=0.0476).
Furthermore, in ADPKD patients, a positive correlation (using Pearson product-
moment correlation coefficient r) was obtained between age and the inner canthal
distance (icd, defined by the quotient of the internal and external canthal distances,
r=+0.7307, p=0,0004) and a negative correlation between age and the palpebral
fissure length (pfl, defined by the arithmetic mean of the left and right differences
between the nasion to external canthus and the nasion to internal canthus distances,
r=-0.5981, p=0.0068). The control faces did not show such correlations of icd and
pfl with age. Thus the facial phenotype of ADPKD patients is shown to becomes
more distinctive with age.
3.4 Discussion
This study demonstrates for the first time that ADPKD is significantly associated
with a characteristic face. The craniofacial phenotype described in the homozygous
deletion of Pkd2 in the neural-crest derived cells of the mouse is very severe and
seems to have little in common with the moderate signs reported here. Interestingly,
our results match the only previous study reporting craniofacial characteristics in
ADKPD: Meyrier & Simon (1994) had described drooping upper eyelids in ADPKD
patients without available genotype and had noticed that this trait was more preva-
lent in groups of older patients. Here we show a progressive decrease of the palpebral
fissure length with age, which could correspond to the drooping eyelids described by
Meyrier & Simon (1994).
Furthermore, the main issue in comparing the facial elongation reported in
ADPKD patients with the craniofacial phenotype of the mice is that mice have
no equivalent for the human upper face or midface, as their maxillary sinuses are
very small (Jacob & Chole, 2006). The fact that the Pkd2 mutant mouse has a
shortening of the snout has thus little in common with what would correspond to a
shortening of the midface in humans. The lengthening of the upper third of the face
in ADPKD patients has thus no straightforward equivalent in the mouse model.
On the other hand, the Pkd2 mutant mice have a deviation of the nasal septum
that develops after birth. It is known in humans that nasal septal deviation is
associated with facial asymmetry (Hafezi et al., 2010; Kim et al., 2011). The facial
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asymmetry reported in ADPKD patients is medial and can potentially be related to
an associated asymmetry in the position of the septum. The human phenotype and
the mouse phenotype thus overlap on this character.
Of note, concerning the asymmetry found in the control population, multiple
studies have shown that the nose can be asymmetric in large groups of normal
individuals, even though there is an ongoing controversy regarding the direction of
this asymmetry (Shaner et al., 2000). The upper part of the face and the orbits are
generally reported deviated to the left due to the so-called Yakelovian torque in the
brain (Hammond et al., 2008), but no definitive result is available on the nose. The
centre of the face is submitted to many different sources of mechanical stimuli (for
instance the forces transmitted by the nasal septum, the quasistatic pressure exerted
by brain, the masticatory strains, the constraints due to breathing and swallowing)
so that predicting a direction for a preferential directional asymmetry in normal
subjects is difficult (Pirttiniemi, 1998).
Interestingly, nasal septal deviation is associated with increased oral breathing
and a facial growth disorder known as the long face syndrome (Schlenker et al.,
2000; Posnick & Agnihotri, 2010). There is no proof of an increased rate of oral
breathing or septal deviation in ADPKD patients but this point has never been
explored and requires further investigation. Furthermore, as the mouse phenotype
gave reliable hints on potential facial growth abnormalities in ADPKD patients,
other potential disorders have to be screened in large groups of affected patients:
temporomandibular joint abnormalities, sinus obstruction, increased prevalence of
snoring and of sleep apnea syndrome and dental abnormalities such as premature
dental losses, root fractures, pulpoliths and alveolar bone loss.
It has been shown earlier that all the craniofacial abnormalities associated with
Pkd2 mutations in mice are post-natal. It would be of interest to check this issue in
affected subjects by screening for facial abnormalities in children with ADPKD, in
order to see if the phenotype reported here has a postnatal onset. Nevertheless, as
the age of diagnosis of ADPKD is at best in early adulthood in the vast majority of
cases, this study will be limited to the most severe pædiatric cases which may form
an isolated subgroup with specific characteristics. Finally, another point that has to
be explored using large number of patients is a potential difference between PKD1
mutants and PKD2 mutants.
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3.5 Conclusion
The vast majority of patients with ADPKD have a heterozygous mutation in either
PKD1 or PKD2 (except from the uncommon forms with hypomorphic alleles, see
section 2.1). Mouse models with conditional deletions of Pkd1 or Pkd2 have a ho-
mozygous deletion of these genes. This fact could account for the severity of the
craniofacial phenotype due to Pkd deletions in mice compared to patients affected
by ADPKD. Homozygous null mutations in PKD genes in humans are not reported.
The craniofacial features reported in ADPKD patients may be related to a loss of
PKD activity in bone forming cells, either solely due to the heterozygous mutation,
or to local losses of heterozygosity (Xiao et al., 2010). Closer studies of the cranio-
facial features in ADPKD, for instance on sutures and synchondroses, will provide
more insight on the role of PKD genes in mechanical-stress-related bone deposition.
3.6 Perspectives
The main limitation in this study is the small number of patients included. This
was due to the difficulties encountered in obtaining REC approval. A larger cohort
would allow to obtain more significant results, but also to compare the phenotypes of
patients with PKD1 and PKD2 mutations. Furthermore, a larger group of patients
would also allow a better study of the correlations of the phenotype with age. The
lack of PKD2 genotyping is a problem but this screening is technically difficult
(Harris & Rossetti, 2010). Finally, correlating the facial phenotype with potential
skeletal characteristics using lateral cephalograms (or better cone-beam CT-scans)
would allow to show if the modifications found in the face of ADPKD patients are
due to changes in soft-tissue structure or in bone structure.
Chapter 4
Shape and volume of craniofacial
cavities in intentional skull
deformations
4.1 Introduction
Intentional skull deformations can be understood as a natural experiment provid-
ing data on the interactions between craniofacial growth and external mechanical
constraints. Here, three craniofacial volumes were studied: the intracranial volume,
the maxillary sinus volumes and the orbit volumes, as well as the thickness of the
skull vault. The point was to question whether pressure exerted on the skull vault
from the outside has an effect on the whole craniofacial architecture. This approach
also intended to investigate if intentional deformations could deteriorate the health
of the children subjected to this practice.
Intentional cranial deformations (ICD) are described in all cultures (Dingwall,
1931) including Western Europe. By applying an external device on the skull of
newborns during the first year of life, the purpose of this practice was to redi-
rect skull growth and induce the appearance of a specific skull outline (Gerszten
& Gerszten, 1995). Two main deformation types are described in South-American
pre-Colombian cultures: the anteroposterior deformation (AP), where the skull was
squeezed between two rigid frontal and occipital plates held together by bands, and
the circumferential deformation (C) where the skull was moulded into a tubular
shape by tight cloths (Dingwall, 1931; Anto´n, 1989). In France, a specific kind of
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skull deformation is known as the Toulouse deformation (T) and is obtained by mech-
anisms similar to C deformations (Dingwall, 1931). The pathological consequences
of ICD are poorly known, because of the lack of modern medical data on individuals
subjected to this practice. The main health-related question with ICDs is the risk of
cognitive impairment (Lekovic et al., 2007), and this issue is still not solved. To ad-
dress the problem of ICD from a craniofacial point of view, our study was focused on
the cranial cavities and on their walls. The consequences of the skull deformation on
three medically relevant craniofacial structures were first explored by measuring the
volumes of the intracranial cavity, the orbits and the maxillary sinuses. For this, an
innovative technique was used, based on haptic-aided semi-automatic segmentation
(Nystro¨m et al., 2011). Then, in order to explore the effects of ICD on the shape
of these structures, the modifications in the thickness of the skull vault and in the
3D structure of the orbits and the maxillary sinuses were analysed. The remarkable
plastic ability of the skull growth modules (Lieberman, 2011) when subjected to
an abnormal external constraint was illustrated. Nevertheless, typical modifications
that could be related to specific deformation types were described.
4.2 Materials and Methods
4.2.1 Skulls and image acquisition
Nineteen non-deformed (NC) skulls, 24 skulls with antero-posterior (AP, figure 4.1a)
deformations, 8 skulls with circumferential (C, figure 4.1b) deformations and 7 skulls
with Toulouse (T) deformations were selected in collaboration with Dr Martin Friess,
Muse´um National d’Histoire Naturelle, Paris. Deformation types were identified ac-
cording to common systems (Dingwall, 1931; Anto´n, 1989). We followed the major
distinction into circumferential and antero-posterior deformations proposed previ-
ously (Anto´n, 1989; Cheverud et al., 1992; Kohn et al., 1993) with AP erect and
oblique as variants of the latter. The Toulouse-type is akin to circumferential de-
formations in that it is achieved by tissue banding and results in a similar shape.
For the purposes of this study, it was considered a separate group. All AP and C
deformed skulls were from Bolivia, while all T types are from south-western France.
Undeformed skulls were sampled from the same two regions and grouped together.
Only adult individuals, based on the fusion of the spheno-occipital synchondrosis
were included. Information on sex was not generally available, and therefore not
taken into account in our analyses. All skulls were part of the collections of the
CHAPTER 4. INTENTIONAL DEFORMATIONS AND GROWTH 99
Detector row channels 16
Effective detector row thickness 1.25 mm
Acquisition mode 0.562:1
Speed 5.62 mm / rotation
Detector configuration 16 x 0.625






Table 4.1: Optimised CT-scan parameters for the acquisition of dry skulls, after
Badawi-Fayad et al. (2005). SFOV: scan field of view; DFOV: display field of view.
Muse´e de l’Homme in Paris. Each skull was subjected to paleopathological exam-
ination in order to rule out craniosynostoses, trauma sequelæ (figure 4.1c, arrow)
and taphonomic (post-mortem) deformations (figure 4.1d). The paleopathological
examination was performed under the supervision of Dr Philippe Charlier, Hoˆpital
Raymond-Poincare´, Garches, France. The skulls were scanned using a standard
medical CT-scan according to a previously published protocol adapted to anthropo-
logical material (table 4.1 and Badawi-Fayad et al. (2005)), under the supervision of
Pr Emmanuel-Alain Cabanis, Centre National Ophtalmologique des Quinze-VIngts,
Paris.
4.2.2 3D cephalometry of the orbits and the maxillary si-
nuses
In order to study the shape of the orbit, 11 bilateral 3D landmarks were defined:
posterior choanæ, lacrimal canal, fronto-zygomatic suture, fronto-nasal suture, su-
perior orbital fissure (antero-superior end), superior orbital fissure (postero-inferior
end), anterior clinoid process, medial inferior orbital fissure, foramen cæcum, planum
sphenoidale (optic nerve) and small wing of the sphenoid. One midline landmark
was also used, the anterior nasal spine. The landmarks were defined under the su-
pervision of Pr Raphae¨l Olszewski, Universite´ Catholique de Louvain, Brussels. The
details of the 3D anatomical position of the landmarks are given in figure 4.2 and ta-
ble 4.2. These 23 landmarks were used to define 6 planes (table 4.3). Based on these
6 planes and the landmarks, 5 angles and 8 distances were measured (table 4.4).
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Figure 4.1: Intentional, traumatic and taphonomic (post-mortem) deformations.
(a) antero-posterior deformation; (b) circumferential deformation; (c) zygomatic
bone fracture; (d) taphonomic (post-mortem) deformation witnessed by a gap in
the region of the squamosal suture. From the collections of the Museum National
d’Histoire Naturelle, Muse´e de l’Homme in Paris, by courtesy of Dr Philippe Men-
necier.
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Figure 4.2: Skeletal landmarks used for orbit and sinus cephalometry. Posterior
choanae (1), anterior nasal spine (2), lacrimal canal (3), fronto-zygomatic suture (4),
fronto-nasal suture (5), superior orbital fissure (antero-superior end) (6), superior
orbital fissure (postero-inferior end) (7), anterior clinoid process (8), medial inferior
orbital fissure (9), foramen caecum (10), planum sphenoidale (optic nerve) (11),
small wing of the sphenoid (12), incisive canal (13), infra-orbital groove (14).
The landmarking and the measurements were performed using Maxilim (Medicim,
Leuwen, Belgium) according to Olszewski et al. (2008, 2010).
The same procedure was applied to the maxillary sinuses, for which 2 specific
landmarks were defined: the incisive canal and the infra-orbital groove (figure 4.2
and table 4.2). The following 4 landmarks defined for the orbital analysis were also
used for the sinuses: medial inferior orbital fissure, posterior choanæ, lacrymal canal
and anterior nasal spine. This set of 9 sinus landmarks was used to define 3 planes
(table 4.3) and 3 distances (table 4.4). The intraclass correlation coefficient was first
computed after two-way random single measures for absolute agreement (ICC 2.1
model, Shrout & Fleiss (1979)) for the intra-observer reliability of the orbit measures,
and the ICC for the inter- and intra-observer reliabilities of the sinus measures based
on two land markings by two blinded independent observers. Then, in order to
compare the angle and distance values, due to the small number of skulls in the C
and T groups, the Kruskal-Wallis one-way analysis of variance by ranks was used
as a non-parametric alternative to the one-way analysis of variance (ANOVA). The
Dunnett post-hoc test was used in order to spot the group with discriminant values
compared to the non-deformed group. The difference was considered significant
when p<0.05.
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Table 1.  Skeletal landmarks used for orbit and sinus measurements. The numbers correspond to the 
legend of Fig. 2.
Number Name Definition Type
1 Posterior choanae  Lower lateral corner of the posterior choanae
 At the junction between the palatine bone and the pterygoid process 
Orbit and sinus - bilateral
2 Anterior nasal spine  Pointed process at the tip of the maxilla
 Overlying the maxillary notch on the midline
Orbit and sinus - unilateral
3 Lacrimal canal  Antero-lateral border of the orbital opening of the naso-lacrimal duct
 At the junction between the lacrimal bone and the maxillary bone
Orbit and sinus - bilateral
4 Fronto-zygomatic suture  Orbital border of the fronto-zygomatic suture
 At the intersection with the naso-maxillary suture
Orbit - bilateral
5 Fronto-nasal suture  Orbital border of the fronto-nasal suture
 Corresponds to the highest concavity of the lateral orbital rim
Orbit - bilateral
6 Superior orbital fissure 
(antero-superior end)
 Upper lateral tip of the superior orbital fissure
 At the junction between the lesser and the greater wings of the sphenoid bone
Orbit - bilateral
7 Superior orbital fissure 
(postero-inferior end)
 Lower medial tip of the superior orbital fissure
 At the junction between the maxillary and the zygomatic bones
Orbit - bilateral
8 Anterior clinoid process  Infero-lateral aspect of the anterior clinoid process
 On the lesser wing of the sphenoid, lateral to the optic canal
Orbit - bilateral
9 Medial inferior orbital 
fissure
 Most anterior concavity of the inferior orbital fissure
 On the orbital surface of the zygomatic bone
Orbit - bilateral
10 Foramen caecum  Lower end of the frontal crest of the frontal bone
 At the junction with the ethmoid bone on the skull base
Orbit - bilateral
11 Planum sphenoidale  Upper surface of the lesser wing of the sphenoid bone
 On the highest concavity of upper border of the optic canal
Orbit - bilateral
12 Small wing of the sphenoid  Lateral border of the small wing of the sphenoid bone
 At the junction with the orbital plate of the frontal bone
Orbit - bilateral
13 Incisive canal  Anterio-medial border of the incisive canal
 On the surface of the maxillary sinus
Sinus - bilateral
14 Infra-orbital groove  Lateral aspect of the infra-orbital groove
 On the posterior border of the orbital surface of the maxilla
Sinus - bilateral
Table 4.2: Skeletal landmarks used for orbit and sinus measurements. The numbers
correspond to the legend of figure 4.2.
4.2.3 Continuous thickness measurements using wall thick-
ness analysis
The total thickness of the skull vault was measured and plotted using the Wall
Thickness Analysis module of VGStudio Max (Volume Graphics, Heidelberg, Ger-
many). Briefly, the skulls were cropped along a horizontal plane passing anteriorly
above the frontal sinus and posteriorly above the external occipital protuberance.
For each skull, the average total thickness, its standard deviation and the skull vault
volume were computed within this skull spherical cap. A colour map of the thickness
values was then plotted over the 3D rendering of the skull. Thickness measurements
were discussed with Pr Karl-Heinz Kunzelmann, Maximilian University, Munich,
Germany.
4.2.4 Discrete thickness measurements using half-maximum-
height protocol
Discrete measurements of thickness using the CT-scan data were also taken. For each
skull three planes were defined: mid-sagittal, coronal through metopion and coronal
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Name Definition Type
Horizontal maxillary plane  anterior nasal spine
 posterior choanes
Plane defined by 3 points
Orbital floor  lacrymal canal
 postero-inferior end of the 
superior orbital fissure
 medial inferior orbital fissure
Plane defined by 3 points
Lateral orbital wall  antero-superior end of the 
superior orbital fissure
 postero-inferior end of the 
superior orbital fissure
 medial inferior orbital fissure
Plane defined by 3 points
Orbital roof  foramen caecum
 planum sphenoidale
 small wing of the sphenoid
Plane defined by 3 points




Plane defined by 3 points
Anterior orbital wall (virtual boundary)  fronto-maxillary suture
 fronto-zygomatic suture
 perpendicular to the horizontal 
maxillary plane
Plane defined by 2 points and 
perpendicular to another plane
Anterior sinus wall  Right lacrymal canal
 left lacrymal canal
 perpendicular to the horizontal 
maxillary plane
Plane defined by 2 points and 
perpendicular to another plane
Medial sinus wall  posterior choane
 perpendicular to the horizontal 
maxillary plane
 perpendicular to the anterior 
sinus wall
Plane defined by 1 point and perpendicular 
to 2 other planes
Table 4.3: Orbital and sinus planes defined using 23 skeletal landmarks for the orbits
and 9 skeletal landmarks for the sinuses (see figure 4.2 for the anatomical definition
of the landmarks).
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Name Definition Type
Medio-lateral orbital angle  median orbital wall
 lateral orbital wall
Angle between 2 planes
Median orbital angle  left medial orbital wall
 right medial orbital wall
Angle between 2 planes
Vertical orbital angle  orbital roof
 orbital floor
Angle between 2 planes
Relative lateral orbital angle  lateral orbital wall
 orbital floor
Angle between 2 planes
Relative medial orbital angle  Medial orbital wall
 orbital floor
Angle between 2 planes
Anterior orbital width  fronto-zygomatic suture
 fronto-nasal suture
Distance between 2 points
Lateral orbital depth  fronto-zygomatic suture
 postero-inferior end of the 
superior orbital fissure
Distance between 2 points
Median orbital depth  fronto-maxillary suture
 postero-inferior end of the 
superior orbital fissure
Distance between 2 points
Deep orbital height  postero-inferior end of the 
superior orbital fissure
 orbital roof
Distance between a point and a plane
Sphenoidal orbital height  medial inferior orbital fissure
 orbital roof
Distance between a point and a plane
Anterior orbital height  lacrymal canal
 orbital roof
Distance between a point and a plane
Posterior orbital width  antero-superior end of the 
superior orbital fissure
 lateral orbital wall
Distance between a point and a plane
Central orbital depth  postero-inferior end of the 
superior orbital fissure
 anterior orbital wall
Distance between a point and a plane
Medial sinus depth  Posterior choane
 anterior sinus plane
Distance between a point and a plane
Posterior sinus width  Lateral sphenoidal notch
 medial sinus wall
Distance between a point and a plane
Anterior sinus height  Lacrymal canal
 horizontal maxillary plane
Distance between a point and a plane
Table 4.4: Angles and distances used in orbital and sinus cephalometric analysis.
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through vertex. The mid-sagittal plane was defined as going through nasion, bregma
and basion, the coronal plane was defined as perpendicular to the mid-sagittal plane.
Thickness measurements were obtained following the half-maximum-height (HMH)
protocol (Spoor et al., 1993). This standard technique relies on the computation
of the limit between two tissues (or one tissue and air) as the median threshold
value on the Hounsfield scale. Measurements were taken by a single observer at
metopion, center of the frontal and parietal, and the highest point above the lambda-
inion chord. Computations were performed in ImageJ (Rasband, 2011). The HMH
protocol was applied under the supervision of Dr Martin Friess, Muse´um National
d’Histoire Naturelle, Paris.
4.2.5 Volume measurements using haptic-aided semi-automatic
segmentation
The volume of the orbits was obtained using a haptic-aided semi-automatic segmen-
tation method (Nystro¨m et al., 2011). The orbit is an open cavity, so that its auto-
matic segmentation is not a straightforward process. Measuring the orbital volume
is useful in maxillofacial surgery, for instance during reconstructions after craniofa-
cial trauma. Several manual and semi-automatic methods have thus been developed.
In collaboration with the Center for Image Analysis of the Uppsala University in
Sweden (Johan Nysjo¨, Dr Filip Malmberg, Pr Ingela Nystro¨m), a semi-automatic
haptic-aided segmentation method based on hysteresis thresholding, morphological
boundary extraction and deformable simplex meshes was used.
The main steps of the method are:
1. Segmentation of the orbital bone structures with hysteresis thresholding,
2. Morphological boundary extraction in order to extract the boundaries of the
segmented bone structures,
3. Definition of the extent of the orbital opening by placing a set of landmarks on
the orbital rim with the help of a haptic device,
4. Fit of a planar barrier to the landmarks, rasterisation of the barrier and inclusion
into the boundary map,
5. Computation of a distance potential force from the boundary map,
6. Initialisation of a deformable simplex mesh as a coarse sphere inside the orbit,
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7. Deformation of the simplex mesh by the distance potential force in order to
shape the orbit; refinement of the simplex mesh during the deformation and
application of haptic forces on selected areas of the mesh if necessary to induce
guided deformation.
Segmentation consists in separating different regions of interest within an image,
for instance the brain, the bone and the blood vessels on a craniofacial MRI. Manual
segmentation consists in drawing the contour of the objects of interest on succes-
sive sections. This process is time consuming and subjective. Universal automatic
segmentation on the other hand is not available for all kind of medical images.
The fact that the CT-scan data consists in gray-level images simplifies the seg-
mentation problem. In fact, one very common segmentation method adapted to
CT-scan images is gray-level thresholding. Global thresholding defines a single gray-
level (the global threshold) and only considers as regions of interest the regions with
a grey-level value superior to this global threshold. In the prospect of the present
study, the problem with global thresholding is that structures such as very thin
bones (the orbital floor, the ethmoidal cells) are not captured when the rest of the
thicker craniofacial bones are segmented.
Hysteresis thresholding is a partial solution to this issue (figure 4.3). This method
defines a low global threshold in order to capture low-density object voxels, and a
high global threshold, for high-density object voxels. The connected components
in the map corresponding to the low global threshold are then computed. Finally,
within the connected components on the low global threshold map, the connected
components that do not contain at least one high-density object voxel (localised
by superposition with the high global threshold map) are removed. The remaining
connected components constitute the hysteresis thresholding segmentation.
The step following hysteresis thresholding segmentation is boundary extraction.
The inner boundaries of the object resulting from the segmentation process (figure
4.4a) are extracted by:
1. eroding the initial object (figure 4.4b)
2. substracting the eroded object from the initial object (figure 4.4c).
A haptic device was used to place a set of landmarks on the orbital rim for the
definition of the extent of the orbital opening. The landmarks have to be placed
precisely on the surface of the bone and the haptic device helped to feel physically
the relevant position for each landmark. The chosen device was a PHANTOM
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Figure 4.3: Principles of hysteresis thresholding segmentation. (a) Axial slice of a
8-bit 512 x 512 x 133 CT image; the white square indicates the right orbit. (b)
Region of interest: the right orbit. (c) Low global thresholding segmentation. (d)
High global thresholding segmentation. (e) Resulting hysteresis thresholding seg-
mentation. (f) Overlay of the hysteresis thresholding segmentation (purple) on the
original CT image. Adapted from Nysjo¨ (2011).
Figure 4.4: Morphological boundary extraction. (a) Initial binary image resulting
from hysteresis thresholding segmentation. (b) Eroded image. (c) Boundaries ob-
tained by subtracting the eroded image from the initial image. Adapted from Nysjo¨
(2011).
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Features PHANTOM Desktop
Force feedback workspace 160 x 120 x 120 mm
Size (footprint) 143 x 184 mm
Weight 2.86 kg
Position resolution 0.023 mm
Backdrive friction 0.06 N
Maximum exertable force 7.9 N
Continuous exertable force 1.75 N
Stiffness X axis > 1.86 N/mm
Y axis > 2.35 N/mm
Z axis > 1.48 N/mm
Communication interface Parallel port
Supported platforms Intel- & AMD-based PCs
Degrees of liberty in 6 (3D position and orientation)
Degrees of liberty out 3 (force vector)
Table 4.5: Technical specifications of the PHANTOM Desktop haptic device (Sens-
able Technologies, Wilmington, MA, USA).
Desktop (Sensable Technologies, Wilmingtom, MA, USA) device (table 4.5, figure
4.5a). The volume haptics implementation developed by Center for Image Analysis
of the Uppsala University in Sweden was applied (Malmberg et al., 2006) (figure 4.5b,
4.5c). Four orbital landmarks were placed using haptics, at the greatest concavity
of each orbital corner, for the left and the right orbit. The planar 3D barrier defined
by these 4 landmarks located around the orbit was then rasterised and added to the
boundary map.
A deformable surface model (Terzopoulos et al., 1988) is an elastic surface that
can be used to segment irregularly shaped objects. The deformation of the surface is
driven by the minimization of a cost function. In this study, the deformable surface
model was represented using deformable 2-simplex meshes (figure 4.6 and Delingette
(1999)).
The interactions between the mesh and the boundary map were based on distance
potential forces. According to this method (Cohen, 1993), each vertex of the mesh
is attracted to the closest boundary point on the map (figure 4.7). A mesh hand-
placed in the centre of the orbit will thus expand spatially and segment the orbital
cavity within the limits defined by the boundary map.
When necessary, haptic interactive forces were used in order to pull or push the
mesh faces towards their correct positions (figure 4.8). The full process of semi-
automatic orbit segmentation is recapitulated in figure 4.8. In the context of the
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Figure 4.5: Haptic rendering for orbital landmark placement. (a) PHANTOM Desk-
top haptic device (Sensable Technologies, Wilmington, MA, USA). (b) Proxy-based
surface haptic rendering. The haptic probe (white circle), at the position x, is con-
nected to the virtual proxy (black circle), at the position p, by a coupling device
formed by a spring (k) and a damper (γ). The movements of the virtual proxy
are constrained by the surface and the force feedback felt by the user holding the
haptic pen is proportional to the distance between the probe and the proxy. (c)
Proxy-based volume haptic rendering. The connection between the haptic probe
and the proxy is similar in principle to the proxy-based surface haptic rendering but
the movements of the virtual proxy are constrained by a local reference frame (e0,
e1, e2) and by virtual surfaces defined by the gradient at the proxy position. The
rendered force f t is proportional to the distance between the probe and the proxy.
Adapted from Nysjo¨ (2011).
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Figure 4.6: Deformable simplex meshes. (a) Example of a simplex mesh. (b) Simplex
mesh deformation by external forces computed from the CT image according to the
boundary map and by haptic interactive forces applied by the user (over a fixed
surface, yellow patch). Internal forces keep the mesh together and prevent it to leak
though gaps in the boundary map, like for instance the optic canal. Adapted from
Nysjo¨ (2011).
Figure 4.7: Visualisation of external forces within the boundaries of the orbit. (a)
Complete boundary map including the anterior barrier defined using haptic-aided
landmark placement. (b) Field flow of the distance potential force visualised by
streamlines. The attraction towards the boundaries is apparent. (c) Vector direction
and (d) corresponding hue saturation value (HSV) used to visualise the direction
flow of external force fields. (e) Directional flow of the distance potential force field
visualized by the HSV colour mapping method. Adapted from Nysjo¨ (2011).
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study of intentional skull deformations, the main issue was the poor conservation
of the thinnest bones (orbital floor, ethmoidal cells). In this case, the fitting of the
mesh to the orbit (figure 4.8c) was sometimes difficult if not impossible.
In summary, the boundaries of the orbital bones were first extracted using hys-
teresis thresholding followed by morphological boundary extraction. The thresholds
used in this step were based on the Hounsfield numbers for bone tissue. Using a
haptic 3D input device, four landmarks on the orbital rim were then placed. These
landmarks were subsequently used to calculate a planar barrier that defined the an-
terior limit of the orbital cavity. The resulting barrier was rasterised and included
into the boundary map. A distance potential force was then computed from the
modified boundary map and a deformable simplex mesh was initialised as a coarse
sphere inside the orbit. This simplex mesh was then automatically deformed by the
distance potential force to fit the orbit. During the deformation process, the simplex
mesh could be refined one or several times and also haptic forces could be applied
on selected mesh faces to guide or correct the segmentation. As a final step, the
simplex mesh was rasterised and the orbital volume could be calculated. The proce-
dure is summed up in figure 4.8. The same segmentation method, but without the
landmark positioning step, was used to compute the maxillary sinus and intracranial
volumes, as no artificial limit such as the one required for the orbital opening had
to be defined for these two cavities.
4.3 Results
4.3.1 Bone thickness modifications in intentional deforma-
tions
The qualitative analysis of the vault thickness showed a constant frontal bone thin-
ning in AP skulls when compared with ND controls (figure 4.9). Furthermore, a
characteristic notch was found at the level of the bregma in C deformations (fig-
ure 4.10) that could not be observed in any other group, associated with a lateral
parietal and temporal bone thinning. The T skulls did not seem to present any par-
ticular bone thickness modification pattern (figure 4.10). The comparison between
the average thicknesses and vault volumes between groups did not show any signifi-
cant difference. Nevertheless, there was a trend for C skulls to have more dispersed
thickness values (table 4.6: the standard deviation for C is close to be significantly
increased).
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Figure 4.8: Semi-automatic orbit segmentation. (a) Haptic-aided landmarking used
to define the anterior limit of the orbital cavity. (b) Initialisation of a deformable
mesh inside the orbit. (c) The mesh is fitted to the orbit by a distance potential force
computed from the CT-scan. During the deformation process, the user can refine
the mesh as well as reshape it by applying haptic interactive forces on selected mesh
faces (yellow patches). (d) Segmented orbit. (e) Rasterised segmentation result
(purple) overlaid on the multi-planar reformatting visualisation. (f) Snapshot of
the segmentation interface developed by the Centre for Image Analysis, Uppsala
University, Sweden.
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Figure 4.9: Thickness maps in dorsal view for 11 non-deformed skulls (a) compared
with 11 skulls with antero-posterior deformation (b). The antero-posterior deformed
skulls show a constant thinning of the frontal region.
Figure 4.10: Lateral thickness maps for 3 skulls of the non-deformed (a), antero-
posterior (b), circumferential (c) and Toulouse groups (d). The bregmatic bulging
and the temporal thinning are apparent in the AP group.





Minimum Median Maximum Kruskal-





AP 7,29 9,2 13,13 0,6753 NA
C 5,54 10,13 12,55
ND 7,15 10,53 14,23
T 7,75 9,7 11,82
SD in thickness 
distribution
AP 2,22 2,64 3,71 0,1003 0.7917
C 1,88 3,6 5,03 0.0081
ND 1,84 2,48 3,76 1.0000
T 2,38 2,92 3,08 0.8389
Vault volume AP 1408399 1672788 2790163 0,6417 NA
C 209981,4 1989066 2507200
ND 1119658 1863688 2836507
T 1451661 1980222 2270347
Table 4.6: Skull vault thickness and volume in intentional skull deformations.
Interestingly, discrete thickness measurements showed a significant thinning at
the metopion in midline sagittal sections, affecting the outer and inner tables and the
total thickness for AP deformations. The diploe¨ appeared to be disproportionally
affected by the overall thinning, at least in the frontal bone. The outer table and
the total thickness were reduced in midline sagittal sections at the occiput for AP
deformations. The total thickness of the frontal bone was also reduced in coronal
sections for AP and C deformations. The parietal bone thickness was preserved in
all deformed skulls (table 4.7).
4.3.2 Volume and shape of the orbits and the maxillary si-
nuses
The volumes of the orbits and the maxillary sinuses were not affected by the AP, C
or T deformations. The volume of the cranial cavity was overall normal but there
was a trend toward increased volume in C skulls (table 4.8).
The shape of the orbits was significantly modified in C deformations: an in-
crease in the vertical orbital angle and decreased anterior orbitals widths, lateral
orbital depths, median orbital depths and deep orbital heights were found (table
4.9). The overall shape of the orbit was thus medio-laterally squeezed with an ante-
rior increase in height and a posterior pinch. The posterior width of the maxillary
sinuses was decreased in C deformations (table 4.10). Furthermore the inter- and
intra-individual reproducibilities of the 3D landmark placement for the sinuses and
the intra-individual reproducibility of the landmark placement for the orbits were
confirmed.
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Section 
plane
Table Position Deformation 
type
Minimum Median Maximum Kruskal-Wallis 
test : Prob.>χ2
Dunnett test
Sagittal External Metopion AP 0,163 1,522 2,284 0,0051 0,0092
C 1,315 1,4385 2,693 0,1119
ND 1,609 1,924 3,223 1,0000
T 1,395 1,6 1,907 0,0991
Sagittal Diploë Metopion AP 0,104 1,77 3,181 0,0055 0,5168
C 0,807 1,2925 3,728 0,3970
ND 1,203 2,0155 4,101 1,0000
T 1,047 2,786 5,303 0,0133
Sagittal Internal Metopion AP 0,154 1,582 2,062 0,0417 0,0234
C 1,083 1,49 2,538 0,2132
ND 0,931 1,852 2,401 1,0000
T 0,983 1,907 2,631 0,9199
Sagittal Total Metopion AP 0,421 5,082 6,486 0,0121 0,0392
C 3,434 4,1845 7,716 0,1211
ND 4,591 5,998 7,442 1,0000
T 3,425 6,372 9,608 0,6206
Sagittal External Vertex AP 0,149 1,586 3,259 0,3954 NA
C 0,59 1,982 3,552
ND 0,959 1,9495 3,52
T 1,165 1,621 3,33
Sagittal Diploë Vertex AP 0,267 1,787 4,488 0,3846 NA
C 0,452 1,689 3,246
ND 0,998 2,5325 4,173
T 1,071 3,059 3,851
Sagittal Internal Vertex AP 0,182 1,36 3,206 0,0339 0,0371
C 1,319 2,1375 2,898 0,8614
ND 1,351 2,1705 3,565 1,0000
T 1,211 1,467 2,831 0,3054
Sagittal Total Vertex AP 0,598 5,633 9,938 0,2036 NA
C 2,361 5,82 7,754
ND 4,605 6,216 9,02
T 3,464 6,336 8,145
Sagittal External Occipital AP 0,21 1,511 3,511 0,0068 0,0305
C 1,243 1,485 2,262 0,0639
ND 1,391 2,1985 3,201 1,0000
T 1,232 1,426 2,619 0,0624
Sagittal Diploë Occipital AP 0 1,651 4,131 0,1483 NA
C 1,015 1,59 2,672
ND 1,043 2,59 7,323
T 1,004 2,25 3,416
Sagittal Internal Occipital AP 0 1,344 2,644 0,5041 NA
C 0,955 1,65 2,577
ND 1,001 1,4475 4,264
T 1,004 1,324 1,861
Sagittal Total Occipital AP 0,451 5,071 9,872 0,0197 0,0124
C 3,395 4,786 7,008 0,0580
ND 4,455 6,6245 10,748 1,0000
T 3,434 5,476 6,649 0,2034
Coronal External Frontal AP 1,055 1,388 2,471 0,0694 0,1537
C 1,092 1,22 1,597 0,0820
ND 1,088 1,865 2,927 1,0000
T 1,276 1,499 1,893 0,3228
Coronal Diploë Frontal AP 0,402 1,1085 2,339 0,0460 0,6271
C 0,577 0,7925 1,812 0,3627
ND 0,928 1,6255 3,66 1,0000
T 1,076 2,064 4,371 0,1044
Coronal Internal Frontal AP 1,034 1,276 1,563 0,2967 NA
C 1,053 1,181 1,572
ND 0,785 1,402 2,81
T 1,032 1,524 2,287
Coronal Total Frontal AP 2,877 3,4505 6,316 0,0007 0,0635
C 2,014 2,8335 4,557 0,0011
ND 2,76 5,164 8,105 1,0000
T 4,58 4,721 7,977 0,6225
Coronal External Parietal AP 1,214 1,5095 2,498 0,5074 NA
C 1,32 1,6625 2,037
ND 1,304 1,714 2,312
T 1,079 1,509 2,321
Coronal Diploë Parietal AP 0,726 2,1045 4,212 0,5327 NA
C 1,453 2,342 3,616
ND 0,829 2,6295 4,13
T 1,944 3,232 3,453
Table 4.7: Discrete measurements of skull vault thickness in intentional deforma-
tions.










AP 17233,2 22587,32 29227,52 0,1846 NA
C 18224,59 21390,08 31203,92
ND 21949,29 24008,26 29693,15
T 22213,06 25347,85 25810,97
Left orbit 
volume
AP 16770,8 26478,75 29806,71 0,8061 NA
C 15127,25 21428,7 29623,09
ND 19111,53 25167,45 31516,84
T 23136,81 25036,18 28388,6
Right sinus 
volume
AP 6346,49 15383,92 20602,37 0,8926 NA
C 5687,55 11544,11 20284,68
ND 7077,5 14249,02 29893,8
T 8617,24 13714,67 23551,19
Left sinus 
volume
AP 3823,26 13988,4 21868,26 0,3440 NA
C 6332,93 11902,96 14197,53
ND 6079,09 11659,01 31206,75
T 8387,86 15088,39 24585,92
Intracranial 
volume
AP 1117306 1321612 1679671 0,0813 0.9652
C 1246048 1427881 1794680 0.0296
ND 1140144 1270600 1627462 1.0000
T 1283631 1449326 1481410 0.3712
Table 4.8: Skull volumes in intentional deformations.











AP 79,8 94,725 106,55 0,8743 NA
C 84,45 95,45 102,15
ND 83,6 96,1 108,2




AP 76,95 85 96,45 0,9412 NA
C 77,65 87,75 94
ND 66,15 86,475 96,7




AP 92 118,025 134,9 0,6443 NA
C 91,55 121,4 139,8
ND 108,45 118,4 141,15




AP 40,05 64,35 77,35 0,9064 NA
C 34,15 58,3 80,55
ND 33,15 61,9 78,2
T 43,1 63,85 74,95
Left vertical 
orbital angle
AP 23,8 33,275 41,9 0,0085 0,7797
C 35,15 41,75 50,35 0,0003
ND 22,15 32,55 41,2 1,0000
T 29,25 36,425 42,85 0,1234
Right vertical 
orbital angle
AP 29,55 33,175 41,2 0,0302 0,0920
C 28,4 37,75 45,45 0,0017
ND 21,95 31,75 39,55 1,0000
T 27,25 35 41,1 0,1611
Median orbital 
angle
AP 112,3 143,475 151 0,4253 NA
C 103,6 137 160,75
ND 105,65 139,8 150,55




AP 118,4 125,575 136,2 0,2710 NA
C 124,75 127,4 135,5
ND 115,65 123,85 129,25




AP 111,45 124,35 130,65 0,5222 NA
C 122,95 125,625 136,55
ND 114,05 124,05 130,3
T 119 123,65 134,45
C 124,75 127,4 135,5
Left anterior 
orbital width
AP 35,25 41,2 47,7 0,0014 0,1528
C 34,9 38,35 39,2 0,0001
ND 40,1 43,45 47,35 1,0000
T 36,9 40,65 45,95 0,1321
Right anterior 
orbital width
AP 37,2 42,25 47,45 0,0023 0,1515
C 35,45 38 40,5 0,0001
ND 40,25 44,125 47,25 1,0000
T 35,8 41,25 46,6 0,1544
Left lateral 
orbital depth
AP 38,15 43,4 50,1 0,0009 0,0073
C 39 42,35 45,2 0,0023
ND 43,15 45,575 49,35 1,0000
T 42,55 47,05 48,85 1,0000
Right lateral 
orbital depth
AP 39,45 44 47,2 0,0032 0,0218
C 40,35 41,65 44,95 0,0012
ND 41,95 46,05 51,7 1,0000
T 44,4 46,25 47,5 0,9916
Left median 
orbital depth
AP 42,1 46,85 51,6 0,0236 0,2880
C 42,4 45,35 48,35 0,0489
ND 43,5 47,875 53,95 1,0000
T 46,2 50,55 57,1 0,4606
Right median 
orbital depth
AP 43,2 45,3 53,25 0,0027 0,0388
C 40,6 44,75 46,35 0,0056
ND 43 49,4 56,05 1,0000
T 45,2 50,7 54,15 0,9542
Left anterior 
orbital height
AP 23,2 26,475 34,5 0,1198 NA
C 23,85 28,5 32,75
ND 21,15 28,85 32,7
T 24,15 26,375 27,65
Right anterior 
orbital height
AP 22,55 26,675 33,25 0,4901 NA
C 21,2 26,7 33,3
ND 19,85 27,825 31,4
T 21,45 25,975 28,15
Table 4.9: 3D shape of the orbits in intentional deformations.
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Measured 
parameter
Deformation type Minimum Median Maximum Kruskal-Wallis  





AP 26,875 32,2375 36,925 0,0966 NA
C 24,8 31,025 33,9
ND 29,775 33,525 39,175
T 30,3 34 36,85
Right medial 
sinus dept
AP 27,2 32,875 38,375 0,1146 NA
C 24,8 31,075 32,35
ND 29 33,025 40,6
T 29,2 34,1625 36,5
Left posterior 
sinus width
AP 15,15 18,65 21,4 0,0126 0,2404
C 13,35 17,35 18,2 0,0057
ND 14,6 20 24 1,0000
T 15,45 20,5 22,85 0,9768
Right posterior 
sinus width
AP 13,3 17,475 20,65 0,0068 0,0136
C 13,25 16,95 20,1 0,0378
ND 15,65 20,45 23,45 1,0000
T 14,3 20,5 23,3 0,9996
Left anterior 
sinus height
AP 19,875 24,6 28,925 0,1718 NA
C 18,8 24,55 26,625
ND 21 26 29,225
T 22,9 26,75 30,275
Right anterior 
sinus height
AP 19,8 25,5125 27,35 0,4061 NA
C 20,3 25,05 28,075
ND 21,725 25,325 28,8
T 23,6 26,875 31,025
Table 4.10: 3D shape of the maxillary sinuses in intentional deformations.
4.4 Discussion
4.4.1 Orbital volume and shape in intentional deformations
The conservation of the orbital volume in ICD (table 4.8) is not a surprise as the
eye is the major determinant of this parameter (Enlow, 1968). Interestingly, in C
deformations, the shape of the orbit is significantly modified: the orbit is shallow
and narrow compared to non-deformed skulls. The C deformation mainly affects
the vertical dimension of the cranial part of the orbit, that is the measures involv-
ing the sphenoid and the frontal bones. This is consistent with the fact that the
deformational forces are applied on the skull and not on the face. Furthermore,
the modification of the orbital shape in C deformations is consistent with the over-
all narrowing and vertical extension of the face previously reported (Anto´n, 1989;
Kohn et al., 1993). Despite the absence of an effect on volumes, the significant
shape modifications we found in C deformations (table 4.9) can potentially account
for ophthalmologic disorders or at least induce variable degrees of exophtalmia, as
the orbital volume is preserved and the orbit is shallow while the eyeball is not
affected. The same conclusion can be drawn to a lesser extent extent for AP and
T deformations, which exhibit lesser degrees of orbital deformation. Interestingly,
recent findings on Fgfr-associated craniofacial syndromes indicate that the defor-
mation processes occurring in ICDs have even more fundamental differences with
the deformation in syndromes like Crouzon syndrome than previously expected. In
fact, in a mouse model of Crouzon syndrome, it has recently been shown (Mart´ınez-
Abad´ıas et al., 2012) that at birth, the eye globe volumes were significantly enlarged
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when compared to those of unaffected littermates, indicating that exorbitism in this
syndrome may result from disorders of both the orbit and the globe of the eye.
More generally, the innovative volume measurement method applied to the orbits
can be of interest in clinical practice, where numerical data about the capacity of
the orbits is of use in the surgical treatment of enophtalmia.
4.4.2 Intracranial volume in intentional deformations
The intracranial volume was not decreased in ICDs and even had a trend towards
increase in C deformations. Based on this parameter, it thus seems unlikely that
ICDs could induce an increase in intracranial pressure. Accordingly, cultural data
are not in favour of a decrease in intellectual abilities due to ICDs (Dingwall, 1931).
Nevertheless, the conservation of the intracranial volume is not sufficient to affirm
the absence of increase in intracranial pressure, as it is known that venous conges-
tions due to compressions in the cranio-occipital joint can lead to hydrocephalus (Di
Rocco et al., 2011). More generally, the issue of cognitive impairment in ICDs is
of particular interest when related to the same problem in patients with craniosyn-
ostosis. The conservation of the intracranial volume in cases of ICD with extreme
deformation (figures 4.1a and 4.1b) underlines the fact that in craniosynostoses,
hydrocephalus cannot be solely related to the deformation of the skull.
4.4.3 Influence of external forces on the growth of the max-
illary sinuses
The conservation of the volume of the maxillary sinus in C skulls (table 4.8) is
more surprising, knowing that a significant decrease of the posterior width of this
cavity due to the deformation was found (table 4.10). In fact, it is generally believed
that maxillary sinuses are formed passively as a consequence of the growth of the
surrounding structures, and they do not possess an inner structure equivalent to
the eyeball in the orbit that would drive their growth and prevent their collapse
(Rae & Koppe, 2008; Witmer & Ridgely, 2008). In the case of C deformations, the
maxillary sinuses were imposed to inflate with a narrowed posterior width due to
the overlying orbital deformation. As the growth of the maxillary sinuses mainly
occurs around the third year of life (Enlow, 1968), the orbital deformation most
probably influenced this process: the orbital floor being the sinus roof, the posterior
medio-lateral narrowing of the orbit directly accounts for the posterior narrowing of
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the maxillary sinus (table 4.9). The conservation of the sinus volume thus comes as
an unexpected fact. In conclusion, it has been shown here that the volume of the
maxillary sinus in maintained in situations of abnormal mechanical stress, suggesting
the presence of specific and unknown regulatory mechanisms for this parameter.
4.4.4 Bone thickness and deformation device
The qualitative analysis of the skull vault thickness in deformed skulls (figures 4.9
and 4.10) is of potential use in the reconstruction of the deformation device, if we
hypothesize that the regions with increased thinning are the regions where the de-
vice was exerting the highest pressure. In fact, in hydrocephalus, where durable
and excessive hydrostatic pressure is exerted on the inner side of the skull vault, a
deformation pattern known as gyral impressions can appear, with numerous areas
of bone thinning (Tuite et al., 1996; Sgouros et al., 2005). More interestingly, it has
been shown in rats that self-activating hydrogel expanders, used in reconstructive
surgery to augment soft-tissue space, induce localized thinning of the skull vault in
the regions where the device exerts the highest pressure (Stuehmer et al., 2009; von
See et al., 2010), while the bone surrounding the expander is not affected and keeps
its normal thickness. These data support the use of thickness maps to reconstruct
areas where deformation devices were exerting the highest pressures on the skull
vault of children subjected to ICDs. On the basis of our data, we can thus hypothe-
size that in AP and C deformations, the devices were preferentially exerting frontal
constraints, which is in line with the cultural data on the deformation devices used
in preColumbian cultures (Dingwall, 1931). A specific coronal pattern is observed
posterior to the bregma in C types, which is consistent with the location of bandages
from ethnographic descriptions (Flower, 1881). This postbregmatic sulcus has been
described by D’Orbigny (D’Orbigny, 1839) as characteristic of circumferentially de-
formed crania, whereas Dembo and Imbelloni (Dembo & Imbelloni, 1938) also note
it in some AP skulls, while emphasizing the great uncertainty in the position of the
deforming devices. Our limited sample size does not allow us to exclude its pres-
ence in AP deformed skulls, but we feel it is more plausible to reflect the impact of
soft tissue bands along the coronal suture. The thinning of the frontal bone in AP
deformations we observed graphically is supported by our quantitative data, and
affects the three layers of the vault. In skulls with moderate deformation and when
the diagnosis of ICD is not straightforward, a local thinning of the bone occurring
in areas expected to have been subjected to abnormal pressures (such as the frontal
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bones in AP and C deformations) could be of help in screening for deformations.
Interestingly, the preservation of the global volume of the vault suggests that bone
thickness modifications occur by a redistribution of a constant pool of vault bone
rather by bone loss. This fact may account for the local increase of thickness we
observed in T skulls in the region of the metopion. Of note, thickness maps (figures
4.9 and 4.10) could be of great use in planning parietal bone grafts, a very common
procedure in oral and maxillofacial surgery for facial bone reconstruction.
4.4.5 Intentional skull deformations and positional plagio-
cephaly
Currently, the most common cause of accidental or nonintentional skull deforma-
tion is positional posterior plagiocephaly (Dec & Warren, 2011). The treatment
of positional plagiocephaly is controversial: apart from the rare cases requiring
surgery, craniofacial surgeons recommend either passive positional treatments or
active helmet-based therapies (Marchac et al., 2011). Helmets have many common
points with the devices used to induce ICDs, as they exert a continuous external
pressure at defined points of the skull vault. Our results on the effects of ICDs
on the orbits and the sinuses suggest that helmet therapy may induce changes in
craniofacial morphology that require further investigations.
4.5 Conclusion
ICDs subject the skull to abnormal external mechanical constraints and induce spe-
cific deformations in structures that are distant from the deformation devices. In
fact, by focusing on the structure of craniofacial cavities in ICDs, we show here that
the shapes of the orbits and the maxillary sinuses are modified by the deformations,
and that the thickness of the vault is affected by the deformation. For this, we
provide new tools for the measurement of the volumes of open cavities. This study
calls for similar investigations in craniosynostoses and deformational plagiocephalies,
where the distribution of internal and external constraints is different than in ICDs
and where the shape of craniofacial cavities in affected individuals is currently not
precisely described.
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4.6 Perspectives
In order to establish specific craniofacial deformation patterns for AP, C and T de-
formations, larger samples are necessary, especially concerning C (8 skulls in this
study) and T (7 skulls in this study) deformations. The cephalometric approach
could be applied to other anatomical regions than orbits and maxillary sinuses, es-
pecially to the cranial base, where reliable 3D landmarks still need to be defined
and validated. Furthermore, in order to progress in the understanding of intentional
deformations, the structure of facial bones could be investigated using dense surface
modelling based on surface CT-scan data, with a method similar to the one used
to analyse the 3D photographs of ADPKD patients. Results on facial bone surface
modifications in intentional deformations could be compared with surface soft-tissue
and CT-scan data from patients treated by helmet therapy for deformational pla-
giocephaly.
Chapter 5
Central nervous system in
FGFR2 -related craniosynostosis
5.1 Introduction
The previous chapter underlined the interactions between external constraints and
bone development. Here the aim is to describe the brain in a series of four fetuses
with Pfeiffer syndrome, a FGFR2 -related craniosynostosis. In this syndrome, the
severe malformations of the skull submit the central nervous system to extreme
mechanical conditions. Pfeiffer syndrome is thus a good model for the study of the
effects of mechanical stress on the development of soft tissues, and particularly the
brain.
Central nervous system anomalies in Pfeiffer syndrome (PS) due to mutations
in the FGFR2 gene are poorly understood, even though PS is often associated with
serious cognitive impairment. The aim of this study is to describe the neuropatho-
logical phenotype in PS. Four severe fetal cases of sporadic Pfeiffer syndrome are
presented – with FGFR2 mutations – who underwent termination followed by fe-
topathological and neuropathological examination. The expression pattern of Fgfr2
was studied in the mouse brain using radioactive in situ hybridisation. It was found
that Pfeiffer syndrome was associated with brain deformations due to the abnormal
skull shape, but FGFR2 mutations also induced specific brain developmental anoma-
lies: megalencephaly, midline disorders, amygdala and hippocampus malformations,
and ventricular wall alterations. The expression pattern of Fgfr2 in chicken and
mice matched the distribution of malformations in humans (Wilke et al., 1997; Reid
& Ferretti, 2003; Yaylaoglu et al., 2005). The brain anomalies in Pfeiffer syndrome
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resulted from the combination of mechanical deformations and intrinsic developmen-
tal disorders due to FGFR2 hyperactivity. Several similarities were noted between
these anomalies and the brain lesions observed in other syndromes due to mutations
in FGF-receptor genes (Maksem & Roessmann, 1979; de Leo´n et al., 1987; Cohen
& Kreiborg, 1990). The specific involvement of the hippocampus and the amyg-
dala should encourage the precise cognitive screening of patients with mild forms of
Pfeiffer syndrome.
Pfeiffer syndrome (PS) comprises coronal craniosynostosis, broad thumbs and
great toes and, in some cases, partial soft tissue syndactyly of the hands (Pfeif-
fer, 1964). Before the discovery of the causal mutations, the syndrome had been
subdivided into three clinical types (Cohen, 1993). Type 1 PS corresponds to the
original description (Pfeiffer, 1964) and is compatible with life. Autosomal domi-
nant families are described in this type (Cohen, 1993) and mental deficiency is absent
or at worst mild. A cloverleaf skull, extreme ocular proptosis, broad thumbs and
great toes and frequent severe central nervous system involvement such as hydro-
cephalus characterize type 2 PS. Elbow ankylosis is reported in most cases (Plomp
et al., 1998). Type 3 PS is similar to type 2 without cloverleaf skull (Gripp et al.,
1998). Type 2 and type 3 PS are generally not compatible with life and all reported
cases to date have been sporadic. Numerous germ line mutations for PS have been
found in the FGFR1 and FGFR2 genes (Schell et al., 1995), but the most severe
forms of the syndrome are due to four sporadic and recurrent FGFR2 mutations:
p.W290C, p.Y340C, p.C342R and p.S351C (Lajeunie et al., 2006). Mice with those
four specific activating mutations are not available, and the mechanisms leading
from excessive Fgfr2 activity to the malformations found in PS are still not fully
understood. Interestingly, the p.W290R mouse model for Crouzon syndrome could
provide interesting insight on brain malformations in Pfeiffer syndrome as a model
for the Crouzon-Pfeiffer phenotype spectrum but the brain of these mice has not
been described in details to date (Mai et al., 2010; Gong, 2012).
Severe sporadic forms of PS due to to mutations in the FGFR2 gene are generally
associated with intellectual disability, but the central nervous system anomalies
in this disorder are not well understood. Apert syndrome (AS), which is often
associated with cognitive impairment and also due to FGFR2 mutations (p.S252W,
p.P253R), may include some specific brain malformations (Cohen & Kreiborg, 1990).
In this study, the neuropathology of four severe sporadic fetal cases of PS is reported
and the expression pattern of Fgfr2 in the mouse brain is analysed. The two aims of
CHAPTER 5. THE BRAIN IN FGFR2-RELATED CRANIOSYNOSTOSES 125
this study were (1) to provide a description of the neuropathological abnormalities of
PS and (2) discuss the role of mechanical constraints versus intrinsic developmental
disorders in their formation.
5.2 Materials and Methods
Tissue fragments were obtained from four medically aborted fetuses following the
informed consent of parents. In all cases, pregnancy was legally terminated after
ultrasonographic and X-ray detection of craniosynostosis. Full-body and skull radio-
graphs were performed. Selected blocks were embedded in paraffin for neuropatho-
logical examination. The fetal pathological examination was performed under the
supervision of Dr Catherine Fallet (Hoˆpital Cochin – Port-Royal, Paris). Hemalun-
phloxin and Hemalun-Luxol-fast-blue stains were used on 8 µm-thick sections of the
brain stem, hindbrain and spinal cord, and on 10 µm-thick sections of the whole
brain. PCR amplification of genomic DNA and sequencing for the screening of
FGFR2 mutations were performed using previously described primers and condi-
tions (Lajeunie et al., 1995; Kan et al., 2002). The screening for FGFR2 mutations
was performed under the supervision of Dr Laurence Legeai-Mallet (Hoˆpital Necker –
Enfants-Malades, Paris). In situ hybridation was carried out by Dr Wenfei Kang (Al-
bert Einstein College of Medecine, Yeshiva University, New-York) using 35S-labeled
anti-sense probes on 12 µm-thick frozen tissue from embryonic mice (CD1 strain)
(Frantz et al., 1994) (see section 2.2.6).
5.3 Results
The extracranial abnormalities of the 4 fetuses are listed in table 5.1. The cran-
iofacial and neuropathological abnormalities are listed in table 5.2. The following
sections focus on neuropathology and craniofacial malformations with further de-
tails.
5.3.1 Fetus №1
The fetus was delivered at 34 weeks of gestation (WG) and 5 days. The brain
weighed 552 g ( 90th centile), with abnormally round contours and an oblique
sulcus lateralis in its superior part. Olfactory bulbs were normal. Marked gyration
gave a mature aspect to the temporal lobes. There was an asymmetric enlargement
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Maternal  
age








39 yrs severe 
hydrocephalus, 
hydramnios
2450 g 552 g cervical ribs
broad first metatarsals and big toes with varus deviation of all toes and prominent heels
triangular first phalanx, tarsal and cuboid points, short humeri





NA severe craniofacial 
malformation
650 g 111 g short neck, vertebral fusions (C6-T5)
dense iliac wings with irregular borders
elbow and knee ankylosis with small pterygia, bilateral humeroradioulnar synostosis
broad thumb first metacarpals and short 5th finger





41 yrs severe craniofacial 
malformations and 
spinal anomalies
1460g 232g vertebral fusions (body and processus spinosus): C4-T1 and T3-T8
increased lumbar lordosis, short sacrum
missing acromions
bilateral humeroradial fusion












2550 g 462 g fusion of the posterior arches of the cervical vertebrae
elbow and knees ankylosis
broad and short thumbs and big toes; second phalanges of the thumb missing
enlargement of the head of the first metatarsals
cuboid point (advanced maturation)
left talipes
short limbs and bilateral humeroradioulnar synostosis
Table 5.1: History and extracranial anomalies in four severe fetal sporadic cases of
Pfeiffer syndrome.
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oesophagus  positioned  on  the  left  side  in  its 
median portion
slight  enlargement  of  the  right  auricle  and 
ventricle of the heart 
bifid right ureter, dilatated ductus venosus
small sacral dimple
macrocrania predominating in the frontal and parietal regions
enlarged anterior fontanel and narrow bi-temporal diameter
exophthalmia,  deep suborbital  folds,  divergent  squint,  right  corneal opacity,  
irregular left pupil, hypoplastic midface with relative prognathism
depressed nasal bridge with short nose, choanal atresia, low-set ears
megalencephaly, ventricular dilatation
aberrant gyration (hypermature aspect 
of the temporal lobes)
polymicrogyria, subenpendymal 
nodular heterotopia, ependymal 
rosettes
white matter gliosis and spongiosis
fragmentation of the corticospinal 






tracheal  sleeve  and  no  rings  in  the  principal 
bronchus
thyroid hypoplasty
intestinal  malrotation  with  deportation  of  the 
colon and the appendix on the left side




exophthalmia, deep suborbital folds
flat face with maxillary hypoplasty




splenium agenesis with Probst 
bundles
large temporal lobes, hippocampus 






membranous ventricular septum defect (1.5 mm)
cloverleaf skull, high, narrow forehead, bilateral coronoal synostosis
extreme temporal bossing with temporal squama hypoplasty
thick occipital squama and narrow posterior fossa
exophthalmia





aberrant gyration, large temporal 
lobes
white matter gliosis, ependymal 









exophthalmia, deep suborbital folds
short  nose  with  broad  nasal  bridge  and  non-ossified  nasal  bones;  everted 
nostrils and choanal atresia
low-set ears and external auditory canal atresia
lacunar skull vault with enlargement of the interfrontal suture (3cm), sagittal  





Chiari type I malformation
large temporal lobes, hippocampus 
and amygdala disorganization
Table 5.2: Craniofacial and neuropathological abnormalities in four severe fetal spo-
radic cases of Pfeiffer syndrome.
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Figure 5.1: Case №1– Pfeiffer syndrome due to p.S351C FGFR2 mutation (type 3)
34 WG + 5 days. (a) gross view of the fetus: severe macrocephaly and skull dys-
morphy. (b) lateral and lower views of the brain: megalencephaly and hypermature
gyration. (c) coronal sections: lateral and third ventricles and midbrain aqueduct
enlargement; focal polymicrogyria (box). (d) details of the focal polymicrogyria. (e)
subependymal rosettes. (f) subependymal nodules of heterotopia. (g) white matter
gliosis and spongiosis. (h) corticospinal tract fragmentation in the pons. The fe-
tal pathological examination was performed under the supervision of Dr Catherine
Fallet (Hoˆpital Cochin – Port-Royal, Paris).
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Figure 5.2: Case №2 – Pfeiffer syndrome due to p.Y340C FGFR2 mutation (type
2) 24 WG + 4 days. (a) gross view of the fetus: cloverleaf skull. (b) lateral,
upper and lower views of the brain: large temporal lobes. (c,d) posterior coronal
sections: disproportion between temporal and frontoparietal sizes. (e) age-match
controls: balanced frontoparietal and temporal sizes. (f) anterior coronal section:
amygdala and anterior white commisure. (g) splenium agenesis with Probst bundles
(black arrows); abnormal position of the lateral geniculate body (red arrow). The
fetal pathological examination was performed under the supervision of Dr Catherine
Fallet (Hoˆpital Cochin – Port-Royal, Paris).
of the lateral ventricles more so on the left than right side; the third ventricle and
the midbrain aqueduct were moderately enlarged. Corpus callosum and fornix were
normal. The layers of the septum pellucidum were very thin and fused anteriorly; the
left layer was ruptured. Histologically, the cortex was abnormally folded, however,
cortical cytoarchitecture was normal. Focal polymicrogyria was noted in the pos-
terior part of the sulcus lateralis. Despite the bulging temporal lobes, the dentate
gyrus and Ammon’s horn were histologically unremarkable. Ependymal rosettes
and gliosis were found in the walls of the lateral ventricles. Small focal spots of
subependymal neuronal heterotopia were noted in the frontal horns and atrium, as
well as periventricular white matter gliosis and spongiosis. Corticospinal fibres were
fragmented in the pons but normal in the medulla oblongata. The fetus carried a
single de novo heterozygous base substitution in the FGFR2 gene (p.S351C). The
fetus was diagnosed with Pfeiffer syndrome type 3 (figure 5.1).
5.3.2 Fetus №2
The fetus was delivered at 24 WG and 4 days. The brain weighed 111 g (50th
centile) and was cloverleaf shaped, with a vertical position in the skull and an
extreme reduction of its anteroposterior diameter. Frontal lobes were hypoplastic,
round, and curved forward. The main organisation of the brain was abnormal, with
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large temporal lobes and hypoplastic frontal and parietal lobes. The sulcus lateralis
was large on both sides. No operculization of the insula was found. Olfactory bulbs
were present and normal. Sagittal sectioning disclosed agenesis of the splenium
and coronal sections showed moderate enlargement of the lateral ventricles without
involvement of the third ventricle or aqueduct. The septum pellucidum and the
fornix were missing. The hippocampus had an abnormal orientation. The large
size of the temporal cortex relative to the frontal and parietal cortices led to an
unusual aspect of the coronal sections with an abnormal anteroposterior position of
the main anatomical landmarks: for instance, the section containing the amygdala
also contained the geniculate bodies and the thalamus. Precisely matching the
control coronal sections with the sections from case №2 was thus impossible (figure
5.2). The cerebral cortex was slightly histologically immature but the lamination
was normal. The white matter did not have significant abnormalities. The agenesis
of the splenium was associated with Probst bundles on both sides. The anterior
white commissure was present but its bundles had a disorganised disposition. The
germinal zones were of normal size. The amygdala were larger than in control fetuses
of similar gestational age and the distribution of their nuclei was abnormal. The
hippocampus was seen on only a single section and was hypoplastic, disorganised and
without dentate gyrus. The cytoarchitecture of Ammon’s horn was disturbed but
the parahippocampic cortex was present with normal differentiation (figure 5.3).
The basal ganglia and the corticospinal tracts at the level of the medulla in the
pyramids were normal. The pons was flattened in relation to the skull deformity
but the histology of the nuclei pontis was normal. The cerebellum was normal.
Ventricular wall abnormalities consisted in superficial abrasion and were limited to
small foci. The fetus had a de novo heterozygous mutation in the extracellular
domain of FGFR2 (p.Y340C) and the fetus was diagnosed with Pfeiffer syndrome
type 2.
5.3.3 Fetus №3
The fetus was delivered at 28 WG and 1/2 day. The brain weighed 232 g (90th
centile). The right occipitofrontal diameter (OFD) was 95 mm and the left OFD
was 88 mm. The bitemporal diameter was 80 mm. The falx cerebri was shortened.
The frontal, parietal and occipital lobes were narrow and compressed, as opposed
to the bulging temporal lobes. Operculization of the insula was absent. Gyration
was unusual with numerous aberrant large and deep sulci. The olfactory bulbs
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Figure 5.3: Case №2 – Pfeiffer syndrome due to p.Y340C FGFR2 mutation (type 2)
24 WG + 4 days. (a) normal frontal cortex lamination. (b) dysplastic hippocampus.
(c) disorganized amygdala (box). (d) close-up view of the same region: anterior white
commisure (asterix) and disorganized fibres in the amygdala (black arrow). The fetal
pathological examination was performed under the supervision of Dr Catherine Fallet
(Hoˆpital Cochin – Port-Royal, Paris).
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Figure 5.4: Case №3 – Pfeiffer syndrome due to p.Y340C FGFR2 mutation (type
2), 28 WG + 1/2 days. (a) standard X-rays: lower cervical vertebral fusion and
missing acromia, cloverleaf skull, temporal squama dysplasia and occipital thick-
ening, broad big toe phalanges. (b) upper, lower and lateral views of the brain:
megalencephaly and cloverleaf deformation with bulging temporal lobes. (c) coro-
nal sections: ventricular dilatation, aberrant gyration and large temporal lobes. The
fetal pathological examination was performed under the supervision of Dr Catherine
Fallet (Hoˆpital Cochin – Port-Royal, Paris).
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were present. Coronal sectioning disclosed an asymmetric ventriculomegaly, normal
corpus callosum and unremarkable septum pellucidum and fornices. The white
matter presented with diffuse oedema affecting mainly the periventricular regions.
The midbrain aqueduct was moderately enlarged. Histological examination showed
periventricular ependymal rosettes with subependymal gliosis. The white matter
was subjected to microglial activation and showed diffuse micro-calcifications. The
basal ganglia were normal. The neocortex lamination and differentiation, including
temporal neocortex were unremarkable. Ammon’s horn did not show any significant
anomaly. The corticospinal fibres were normal and symmetrical. The brain stem
and the spinal cord were normal. The fetus had a de novo heterozygous mutation
in the extracellular domain of FGFR2 (p.Y340C). The fetus was diagnosed with
Pfeiffer syndrome type 2 (figure 5.4).
5.3.4 Fetus №4
The fetus was delivered at 35 WG. The brain weighed 462 g ( 90th centile) and was
cloverleaf shaped. The frontal lobes were curved forward. The Sylvian fissures and
the temporal sulci were in a vertical position, the Sylvian fissures were large without
operculization, the gyral pattern was abnormal and the depth of sulci was very irreg-
ular. A Chiari type I malformation was found. There was enlargement of the lateral
and third ventricles. The anterior part of the septum pellucidum was ruptured.
The corpus callosum was present. The brain parenchyma was diffusely congested.
However, despite the gyral abnormalities, the cortical cytoarchitecture and differen-
tiation were unremarkable. The white matter was microvacuolated and showed signs
of venous congestion. Ventricular wall abnormalities consisted of superficial periven-
trical abrasion and ependymal rosettes surrounded by numerous abnormal reactive
astrocytes (gliosis). The corpus callosum was normal. The corticospinal tract was
normal at the level of internal capsule. The anterior white commissure was normal.
The amygdala had a disorganised structure. Due to the large size of the temporal
lobes, the usual landmarks on coronal sections could not be localised at their usual
position and precise matching with the control sections was impossible (see fetus
№2). In the region of the hippocampus, the dentate gyrus could be identified as
well as the pyramidal cell layer and the zonal differentiation of Ammon’s horn but
the curling of the whole structure was defective, leading to very unusual aspects on
the sections. The basal ganglia were unremarkable. The upper part of the midbrain
aqueduct was dilated. The corticospinal tract was fragmented in the midbrain and
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Figure 5.5: Case №4 – Pfeiffer syndrome due to p.Y340C FGFR2 mutation (type
2), 35 WG. (a) gross view of the fetus: cloverleaf skull. (b) standard X-ray: ra-
diocubitohumeral synostosis. (c) lateral, upper and lower views of the brain: mega-
lencephaly, temporal bulging without thanatophoric dysplasia-like deep transverse
temporal sulci. (d) sagittal section: ventricular dilatation and corpus callosum thin-
ning. (e) Chiari type I malformation and cerebellar compression. (f) age-match
control and case: disorganized amygdala and wrong location of the lateral geniculate
body. (g) age-matched control and case: disorganized hippocampus. (h) age-match
control and case: close-up view of the hippocampus; unusual shape of the gyrus
dentatus (red arrow) but normal aspect of Ammon’s horn. The fetal pathological
examination was performed under the supervision of Dr Catherine Fallet (Hoˆpital
Cochin – Port-Royal, Paris).
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Figure 5.6: Relevant expression domains of Fgfr2 in the mouse brain. (a, b) ex-
pression in the posterior medial telencephalon (cortical hem) at E12.5 (arrows) and
in the choroid plexus (arrowhead). (c) at E13.5, Fgfr2 expression is found in the
choroid plexus of the lateral ventricles (blue arrow head), along the ependyma of
the third ventricle (green arrowhead), in the medial ganglionic eminence of the sub-
pallium (yellow arrow), in the cortical hem (blue arrow) and in the ventricular and
intermediate zones of the pallium (blue box). (d) at E15.5, the expression domains
are similar to E13.5: cortical hem (arrow), choroids plexus (arrowhead) and ven-
tricular and intermediate zones of the pallium (box). Courtesy of Dr Wenfei Kang
(Albert Einstein College of Medecine, Yeshiva University, New-York).
the pons, but the pyramis medullæoblongatæwas normal, as was cerebellum. The
fetus had a de novo heterozygous mutation in the extracellular domain of FGFR2
(p.Y340C). The fetus was diagnosed with Pfeiffer syndrome type 2 (figure 5.5).
5.3.5 In situ hybridation
In wild-type mice, Fgfr2 was expressed at E12.5 along the ventricles in the ven-
tricular and subventricular zones of the pallium, in the posterior medial pallium
(cortical hem), in the ganglionic eminences of the subpallium, and in the choroid
plexus. This expression pattern persisted at E13.5 and E15.5. The main structures
affected in PS in humans thus expressed Fgfr2 at early stages in mice: the cortical
hem, which contributes to the formation of the dentate gyrus and the hippocampus,
the ependyma and the choroid plexus, the neurogenic periventricular layers and the
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ganglionic eminences, which take part in the formation of the amygdala (figure 5.6).
For in situ methods, see (Frantz et al., 1994) and sections 2.2.6 and 5.2.
5.4 Discussion
These 4 fetuses with PS shared neuropathological characteristics such as brain over-
growth (megalencephaly) and ventricular dilatation. Furthermore, two cases bear-
ing the activating p.Y340C mutation had striking abnormalities of hippocampus
and amygdala. It was then shown that the areas where Fgfr2 was expressed in the
mouse brain matched the areas presenting with abnormalities in the 4 fetuses.
5.4.1 Phenotype-Genotype correlations
Severe type 2 and type 3 PS cases have been linked to 4 recurrent activating mu-
tations in the FGFR2 gene: p.W290C, p.Y340C, p.C342R and p.S351C (Cornejo-
Roldan et al., 1999; Lajeunie et al., 2006) and specific phenotype-genotype correla-
tions at the organ level have been proposed. The p.S351C FGFR2 mutation may
be associated with a cartilaginous tracheal sleeve, vertebral fusion and sacrococ-
cygeal inversion (Gonzales et al., 2005; Oliveira et al., 2006). One fetus in our series
carried the p.S351C mutation and presented with a cartilaginous tracheal sleeve;
sacrococcygeal inversion was not found but minor caudal anomalies such as sacral
dimple and pilonidal cyst were present. The p.Y340C mutation phenotype is less
well characterized but is known to be associated with multiple pterygia (Baynam
et al., 2008). Three fetuses in our series carried the p.Y340C mutation and fetus
№3 presented with small pterygia, which could not nevertheless be formally differ-
entiated from secondary pterygia due to fetal immobility. Two of three cases with
the p.Y340C mutation had distinctive hippocampus and amygdala malformations,
and these anomalies could be part of the malformations associated with this specific
mutation.
5.4.2 Ventricular dilatation and Chiari malformation in PS:
mechanical and developmental origins
Our four cases exhibited various degrees of ventricular dilatation, without obvious
signs of obstruction. In fact, ventricular dilatation in syndromic craniosynostosis
may not be strictly mechanical (Cinalli et al., 1995; Collmann et al., 2005). In
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chicken and mice, our results and published data confirm that Fgfr2 is expressed in
the ependyma and the choroid plexus during embryonic development (5.6 and Wilke
et al. (1997); Reid & Ferretti (2003); Yaylaoglu et al. (2005)), as well as diffusely
in the white matter (Wilke et al., 1997). Ventricular dilatation in Pfeiffer syndrome
could thus partly result from FGFR2 hyperactivation. Only one case in our series
(fetus №4) had Chiari malformation, although this anomaly is found in 50% of the
pædiatric PS cases (Cinalli et al., 1995). Interestingly, fetus №4 is the oldest fetus
(35 WG). In megalencephaly – capillary malformation syndrome due to a mutation
in PIK3CA (Conway et al., 2007) and in Costello syndrome due to a mutation in
HRAS (Gripp et al., 2010), Chiari malformation develops in the last prenatal or early
post-natal stages. Both conditions present with megalencephaly and ventricular
dilatation, and result from activating mutations in signalling pathways downstream
of the FGFRs (Conway et al., 2007; Gripp et al., 2010). Similarly, in PS, it appears
that Chiari malformation has a late onset.
5.4.3 Analogy with other FGFR mutations
The best-known brain phenotype due to a FGFR2 mutation is Apert syndrome (AS,
Maksem & Roessmann (1979); de Leo´n et al. (1987); Cohen & Kreiborg (1990)) but
apart from an over-convolution of the temporal cortex (Raybaud & Di Rocco, 2007),
specific temporal malformations have not been described in this syndrome. Other
CNS malformations in AS include megalencephaly, hydrocephalus and ventricular
wall abnormalities. The pyramidal tract abnormalities described in AS by Cohen
& Kreiborg (1990); Maksem & Roessmann (1979) may relate to the cortico-spinal
tract fragmentation found in one case in the present series and can be interpreted
as a consequence of abnormal axonal guidance (figure 5.1). Recently, new molecu-
lar pathways (stereocilin Strc) have been incriminated in the pathogenesis of brain
malformations in AS but more detailed neuropathological studies are required to
confirm these hypotheses (Yeh et al., 2013).
Megalencephaly (defined by a brain weight ≥ 2 SD) was found in three cases.
Morphologically, the overgrowth affected predominantly the temporal lobes and re-
sembled the anomalies found in FGFR3 mutations causing thanatophoric dysplasia
(TD), a lethal form of chondrodysplasia characterized by temporal lobe enlarge-
ment, deep transverse sulci across the inferomedial temporal surface and hippocam-
pal dysplasia (Hevner, 2005). Nevertheless, abnormal transverse sulci across the
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Deformations of the brain Brain malformations
cloverleaf shape of the brain ventricular wall abnormalities
ventricular dilatation Chiari malformation type 1
aberrant gyration focal polymicrogyria
white matter abnormalities megalencephaly, temporal bulging
midline abnormalities (splenium agenesis) ventricular dilatation
Chiari type 1 malformation aberrant gyration
amygdala dysorganization hippocampal abnormalities
corticospinal tract fragmentation (pons)
Table 5.3: Hypothesis on the acquired vs. inborn characters in the brain phenotype
of Pfeiffer syndrome. Both factors most likely interact in the appearance of the
abnormal characters.
temporal lobe were not found in PS and the gyrus dentatus dysplasia in PS fe-
tuses is very different from the descriptions provided by Hevner (2005) in TD. In
TD, the temporal overgrowth is supposedly caused by hyperactivity of FGFR3 in
the cortical hem, a signalling center adjacent to the dorsal midline and the choroid
plexus (Hevner, 2005). According to this author, hippocampal dysplasia, polymi-
crogyria and subependymal neuronal heterotopia would then be in part secondary
to the primitive temporal overgrowth. The expression pattern of Fgfr2 reported in
mice brains supports this hypothesis: our results show an early expression of this
gene in the posterior part of the medial pallium, corresponding to the cortical hem
mentioned by Hevner (2005), as well as in the neurogenic periventricular regions of
the pallium (figure 5.6). These results confirm previous expression pattern studies
(Bansal et al., 2003) by matching the normal expression of Fgfr2 in the mouse brain
with corresponding abnormal brain regions in human cases of Pfeiffer syndrome.
In summary, in the light of the data on brain malformations in other FGFR
mutations, the specific brain abnormalities in PS are the distinctive temporal and
amygdala dysplasia. TD and AS share some neuropathological features with PS,
such as megalencephaly and ventricular dilatation. Based on the expression pattern
of Fgfr2 in the mouse brain and on previous experimental and neuropathological
reports, these abnormalities can be related to a hyperactivity of the FGF pathway
predominantly occurring in the medial pallium, the medial ganglionic eminence, the
choroid plexus and the ependyma.
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5.5 Conclusion
Neuropathological reports and repeated morphometric studies in humans (Aldridge
et al., 2002, 2010) and animal models (Aldridge et al., 2010) have confirmed that
brain anomalies in syndromic craniosynostoses do not result from mechanical con-
straints only (table 5.3) but are partly the result of intrinsic developmental disorders.
FGFRs are expressed in the forebrain in rats, mice and chicks (Belluardo et al., 1997;
Walshe & Mason, 2000; Blak et al., 2005), as well as in humans (Delezoide et al.,
1998). Furthermore, the lack of FGFR1 in the mouse brain affects the development
of the temporal lobe (Shin et al., 2004) and FGF2 injection in the ventricles of rat
embryos induces megalencephaly (Vaccarino et al., 1999). A specific disturbance of
the differentiation of the temporal lobe and the amygdala in Pfeiffer syndrome, due
to a hyperactivity of FGFR2, can thus be suspected and is supported by our results
on the early expression of Fgfr2 in mice embryos. These results should encourage
focused imaging and neuropsychological studies in mild forms of Pfeiffer syndrome
in order to screen for cognitive disorders related to a dysfunction of the tempo-
ral lobe and adapt the rehabilitation programs accordingly. Similar abnormalities
may also be found in other FGFR related syndromes after closer neuropathological
investigations.
5.6 Perspectives
The main bias in this study is the limited number of neuropathological cases. More
cases of Pfeiffer syndrome are required, as well as cases of Crouzon syndrome, in
order to define precisely the neuropathological characteristics in these 2 syndromes,
and compare these results with brains of fetuses presenting with Apert syndrome.
Larger series would also allow satisfactory genotype-phenotype correlations. Fur-
thermore, in situ hybridation and qPCR studies should ideally be performed on
control and affected human brains in order to demonstrate the FGFR2 overexpres-
sion in abnormal brain regions compared to brain regions without abnormalities.
This approach could also contribute to differentiate the brain anomalies due to ex-
ternal mechanical constraints from anomalies due to FGFR2 overexpression.
Chapter 6
A mathematical description of
mechanotransduction at the early
steps of suture formation
6.1 Introduction
How are the cellular events involved in normal skull bone formation dependent on
mechanical stress ? In order to investigate this question, a mathematical model has
been designed, aiming to reproduce what happens in craniofacial sutures when bone
is formed in relation to the stretching of the borders. A simple set of hypotheses is
shown to be sufficient to simulate the pattern formation ability of mechanical forces.
In this context, the typical interdigitated shape of ageing sutures can be understood
as a self-organisation phenomenon governed by mechanics.
Craniofacial bones are connected by sutures, which act as joints, absorb shocks
during impacts (Rafferty et al., 2003) and work as intramembranous bone growth
sites (Opperman et al., 2000). Sutures are delimited by two bony borders and
contain an undifferentiated, osteogenic, mesenchyme (Rice & Rice, 2008). The two
borders of sutures are strongly interconnected by a dense network of collagen fibres
(Enlow, 1968; Byron et al., 2004; Warren et al., 2008). Bone deposition occurs on
the borders of the sutures and is subjected to the influence of external mechanical
stimuli (Herring, 2008). During growth, most sutures, such as the skull vault sutures
of mammals, progressively develop a striking interdigitated pattern (Rice & Rice,
2008). From a morphological point of view, it is known that sutures interdigitate in
the first weeks after birth (Miura et al., 2009). It is also known that bone deposition
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in sutures mainly occurs at the convexities of the interdigitations (Byron et al., 2004;
Sun et al., 2004) while the concavities are subjected to resorption (Byron, 2006).
Furthermore, collagen fibres within the mesenchyme radiate in a fan-shaped pattern
from the convexities to the concavities in the interdigitated areas (Herring, 2008;
Kolpakova-Hart et al., 2008).
The emergence of the interdigitations has already been modelled (Miura et al.,
2009) by a chemical reaction-diffusion system developing a Turing instability (Tur-
ing, 1952; Hagberg & Meron, 1994). For Miura et al. (2009), a specific choice in
the biochemical reaction term led to the formation of labyrinthic patterns which re-
sembled sutures. Nevertheless, even though morphogens are strong determinants of
embryonic suture development (Opperman et al., 2000; Rice & Rice, 2008), mechan-
ical forces have to be taken into account in order to explain how sutures grow after
birth and develop their peculiar architecture (Opperman et al., 2000). Another mor-
phogenetic model for sutures has been recently proposed (Zollikofer & Weissmann,
2011) and involved viscous fingering phenomena similar to those occurring between
two immiscible liquids with different viscosities. Here again the model reproduces
the evolution of the interdigitations. In this section, an alternative approach is pro-
posed, based on a purely biomechanical model. Our model is complementary to
chemical systems (Miura et al., 2009) and is based on simple and generic processes
that are known to occur in vivo. The couplings between these processes produce a
robust instability that can be clearly linked to the onset of digitations.
The formalism of the model is based on three biomechanical processes. First,
collagen fibres within the suture mesenchyme are instructed to orientate following
local mechanical informations such as the direction and the intensity of the principal
stresses (Sherratt et al., 1992; Murray, 2003). Second, the mesenchymal cells are
programmed to migrate following the average direction of fibres (haptotaxis directed
by mechanical information, Jasinoski et al. (2010)). Last, bone deposition due to the
migrating mesenchymal cells drives the motion of the interface between the initial
bony border and the mesenchyme (Enlow, 1968). More precisely, mesenchymal cells
are forced to differentiate into osteoblasts when reaching the bony border of the
tissue. The local variations in the density of the migrating cells produced different
ossification velocities along the border of the suture and induced interdigitated pat-
terns. This system led to the induction of a previously unknown kind of instability.
In brief, the model proposed here is derived from generic processes: linear elas-
ticity, transport-diffusion and fibre orientation. Initial geometrical hypothesis on the
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structure of the borders of the sutures and on the mesenchyme have been excluded.
By taking into account the reorganisation of collagen fibres subjected to mechanical
stress (Sherratt et al., 1992; Jasinoski et al., 2010), the emergence of interdigitations
through cell movements in the sutural mesenchyme has been analysed. The result
of this study is the spontaneous emergence of a geometrical instability: bone depo-
sition is faster in the convex areas of the sutural border. The reported instability is
robust and the qualitative outcomes of the model are independent upon parameters
and nonlinearities involved in the processes.
6.2 Materials and Methods
6.2.1 The model: mathematical formalism for mechanotrans-
duction in skull vault sutures
This section has been written with the collaboration of Drs. Vincent Calvez and Paul
Vigneaux (Unite´ de mathe´matiques pures et applique´es, E´cole normale supe´rieure
de Lyon, France) for the formal elaboration of the model and in collaboration with
Dr Julien Olivier (Archimedes Center for Modeling, Analysis and Computation,
Heraklion, Grece) for the numerical simulations and the stability analysis.
The mathematical formalism for mechanotransduction in sutures was designed
in order to fulfil three objectives:
1. describe the mechanical behaviour of the sutures,
2. render cellular motion within the suture and the sensitivity of cell movements
to the mechanical environment,
3. simulate ossification and its effects on the growing sutures.
From a mechanical point of view, a craniofacial suture is a medium consisting of
the whole plane Ω divided into two subdomains representing the bone Ωb and the
mesenchyme Ωm. The border of sutures is defined as Γbm = ∂Ωb ∩ ∂Ωm.
We chose to model biological processes occurring in the sutures at the continuous
scale, thus discarding, for instance, every individual cell behaviour. With this as-
sumption, the mechanical aspects of the problem were easier to render and we could
apply the standard theory of mechanics. Furthermore, since we were interested in
the emergence of patterns at a local level, we discarded the effect of depth in the
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skull vault as well as curvature, and considered an infinite medium, thus neglecting
far-field effects.
Even though the mechanical behaviour of sutures is visco-elastic and nonlin-
ear in response to external parameters such as tension, compression or shearing
(Popowics et al., 2005), we decided to restrict our description to a linear isotropic
elastic behaviour, for simplification purposes. Visco-elastic modelling would have led
to difficulties in implementing experimental values into the numerical simulations.
Furthermore, as we will show further, the elastic model was sufficient to describe
the emergence of an instability, which could then be characterised analytically. The
analytical solution for the emergence of the instability would have been far more
trickier to calculate in a visco-elastic model. Finally, our model focused on the on-
set of suture patterning, at a time when we could suppose that non-linearities and
complex behaviours do not have to be taken into account yet.
In brief, knowing the difference of rigidity between bone and mesenchyme, we
thus used the classical equations of elasticity, which related the stress tensor σ to
the displacement u through the Lame´ equations:
− div σ = 0, x ∈ Ω
σ(u) =
E(x)ν




Id stood for the 2-by-2 identity matrix. In the Lame´ equations, E(x) stood for
the Young’s modulus of the medium (E(x) = Eb for the bone and E(x) = Em for
the mesenchyme). To account for the difference of rigidity we assumed Eb  Em.
The coefficient ν was the classical Poisson ratio, assumed to be the same in both
subdomains (the Poisson ratios for the bone and mesenchyme are very close (table
6.3) and we chose their average as a common value). The effects of the external
environmental (restricted to an outer traction F > 0, see figure 6.1) were modelled
as boundary conditions.
In order to describe cellular motion in the mesenchyme, we considered two mes-
enchymal components: the osteogenetic cells and the fibres (figures 6.4, 6.5, 6.8).
Collagen fibres were evenly distributed in the mesenchyme and defined the directions
along which the osteogenetic cell could move preferentially. Fibres were modelled as
a vector field e.
The fibres were expected to orientate according to local mechanical stresses (Sher-
ratt et al., 1992; Murray, 2003). We denoted the two eigenmodes of the stress tensor
σ by (σ1, σ2) along the directions (e1, e2) (e1 and e2 were normalised). We assumed,
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without loss of generality, that σ1 ≥ σ2.
According to Sherratt et al. (Sherratt et al., 1992) and Murray (Murray, 2003),
the main orientation of fibres was given by
e = G (σ1/σ2 − 1) e1 if 0 ≤ σ2 ≤ σ1,
e = e1 if σ2 < 0 < σ1,
e = 0 if σ2 ≤ σ1 ≤ 0.
This was derived from the following rules (figure 6.1):
1. fibre rearrangement was active only under tension (σ1 > 0);
2. when σ1 and σ2 were both positive, the two effects were competing and the
resulting orientation depended on the anisotropy ratio σ1/σ2 through the in-
creasing function G which took values between 0 when σ1 = σ2 (isotropic case)
and 1 when σ1  σ2 (anisotropic case); the precise shape of the function G
did not play an important role;
3. when σ1 and σ2 had opposite signs the fibres orientated in the direction of the
positive eigenmode.
Of note, by defining the sign of eigenvectors, we assumed e1 (and hence e) to point
“from left to right” , as in figure 6.1.
The equation monitoring the density of the osteogenetic cell ρ had the following
characteristics:
1. diffusion: the motion of the osteogenetic cells was supposed to be anisotropic,
as we expected diffusion to be greater along the fibres; motion had no prefer-
ential direction along the fibres;
2. haptotaxis : the motion of the osteogenetic cells was assumed to follow the
fibres and to be directed towards the closest border of the suture.
We assumed that cell movements were much faster than the speed of the ossifi-
cation front, so that the motion of the cells was driven by the following stationary
diffusion-transport equation:
∇ · (−D(e)∇ρ︸ ︷︷ ︸
diffusion
+ ρh(e)︸ ︷︷ ︸
haptotaxis
) = 0 , x ∈ Ωm , t > 0,
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Figure 6.1: Schematic representation of the different components of the model. At
rest, the borders of the suture are nearly parallel, the osteogenic cells of the mes-
enchyme are located at the centre of the suture (in red, compare with figure 6.8)
and the collagen fibres have no preferential orientation (in blue). When submit-
ted to a force F, the suture witnesses several transformations: the collagen fibres
self-organise into a specific pattern (compare with figure 6.4), the osteogenic cells
migrate towards the borders of the suture (compare with figure 6.8) and preferen-
tially deposit bone in regions that eventually become the convexities (in green) of
the forming interdigitations, as opposed to the concavities (in orange) where no bone
deposition occurs.
where D(e) was the anisotropic diffusion tensor, and h(e) was the biased speed of
motion.
We further considered both these quantities. In the model, fibres defined the
bias direction, so that the haptotaxis field h was aligned with the main orientation
of fibres, which meant that h was parallel to e:
h(x) = f(x)e(x).
The factor f took into account polarising chemical signals such as FGF2 (Iseki et
al., 1997) produced by the osteocytes of the sutural borders. These signals reached
the point x of the domain and were used to indicate the closest border to the point
x. As e always pointed to the right, we could define f as
f(x) =
−χ if x is closer to the left borderχ if x is closer to the right border
where χ was the typical bias speed (see figure 6.1).
The anisotropic tensor was locally defined by D = D1e ⊗ e + D2e⊥ ⊗ e⊥ with
D1 ≥ D2 (preferential diffusion in the direction of the fibres rather than in the
transverse direction e⊥).
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The field h resulted from the fibre orientation pattern. We assumed that the
suture mesenchyme had a fast renewal rate in order to compensate for the loss of
cells due to migration and ossification. We included this constraint in the model by
imposing that the total number of mesenchymal cells would remain constant. More
precisely, we assumed a constant supply of cells in the suture, relying on proliferation
factors such as FGFR2 interacting with the diffusion morphogen FGF2 (Iseki et al.,
1999). Cellular differentiation occurred at the borders of the suture by the action of
factors such as FGFR1 interacting with the same diffusion morphogen FGF2 (Iseki
et al., 1999). The bone was produced by the mesenchymal cells in the immediate
vicinity of the borders of the suture (Lana-Elola et al., 2007).
The interface was supposed to move because of bone deposition and external
mechanical traction. We modelled bone deposition as a motion of the interface in




where v0 was the characteristic speed of ossification (or bone deposition), 〈ρ〉 was
the average of ρ and n the normal vector to the interface. Intuitively, ossification
speed is proportional to the relative amount of cells close to the suture border. We
choose the relative amount ρ− 〈ρ〉 instead of the absolute amount ρ to maintain a
widely opened suture during the time range of the process.
6.2.2 Mouse data
R26R, Wnt1-Cre and Pkd2fl/fl were bred as described in sections 2.2.3.2 and 2.2.3.3.
Animal experimentation was performed as detailed in section 2.2.3.1, and tissue
processing was done as explained in section 2.2.4. Transgenic mice carrying a LacZ
reporter were processed through the protocol given in section 2.2.5. For the study
of Sharpey’s fibers, fragments of adult CD1 mouse skull vault were fixed in 4% PFA
overnight and then decalcified for 15 days in Morse’s solution (10% sodium citrate
and 20% formic acid in distilled water). Samples were then gradually dehydrated
to 100% methanol, passed through 100% isopropanol and cleared in tetrahydron-
aphtalene before being wax-embedded. Microtome sections were performed at 7 µm
and mounted samples were stained using a picrosirius stain (Puchtler et al. (1973)
and section 2.2.4). Standard µCT analysis was performed on fixed adult calvaria
fragments as detailed in section 2.2.8.
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Scan Monochromator Energy Distances Scan range
Compagopiscis croucheri double Si111 Bragg 51 10, 200, 500, 950 360
Rattus rattus multilayer 30 50 180
Polypterus bichir juvenile double Si111 Bragg 30 200, 900 360
Scan Projections Count time Voxel size Scan type Camera
Compagopiscis croucheri 1999 1 5.05 continuous 2k14
Rattus rattus 2000 0.3 0.678 continuous 2k14




Polypterus bichir juvenile no
Table 6.1: Synchroton x-ray microtomography monochromatic beam settings for the
Compagopiscis croucheri, Rattus rattus and juvenile Polypterus bichir scans.
6.2.3 Synchrotron X-ray microtomography
The following samples were imaged at the European Synchrotron Radiation Facility,
Grenoble, at the beamline ID19: Compagopiscis croucheri (interolateral and ante-
rior ventral plates) from the National History Museum, London: BMNH P 51007,
Polypterus bichir (parietal sutures in an adult and a juvenile specimen) from the
Museum of Evolution at Uppsala University: PMU 25738, 25739, Rattus rattus from
a personal collection, Mus musculus (CD1 background) from King’s College Lon-
don. Experiments were done using either a monochromatic beam or a pink beam
according to the nature of the samples (table 6.1 and table 6.2). All scans were done
with a FreLoN 2K14 CCD camera (fast readout low noise) coupled to a Gadolin-
ium oxysulfide crystal of 40 microns thickness (Gadox40) or a Gadolinium Gallium
Garnet crystal of 10 microns thickness (GGG10) scintillator, depending on the voxel
size. The scans were performed during the project MD-537 dedicated to the study
of craniofacial sutures (figure B.3).
6.2.3.1 Scans with monochromatic beam
Medium-resolution scans (voxel size between 5.05 and 14.92 µm) were performed
using a double Si111 Bragg monochromator. High-resolution scans (voxel size of
0.678 µm) were performed using a single crystal 2.5 nm period W/B4C multilayer
monochromator. The extant samples were imaged at 30 keV while the fossil was
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Scan Machine mode Energy Filters Gap Scintillator Distances
Polypterus adult 200mA 70 Al3Cu7 W150m: 58 Gadox 40 4000
Mus musculus 16bunch 19.1 no U17.6: 20 GGG10 25
Scan Scan range Projections Count time Voxel size Scan type
Polypterus bichir adult 360 4000 0.1 30.2 continuous




Table 6.2: Synchroton x-ray microtomography pink beam settings for the adult
Polypterus bichir and Mus musculus scans.
imaged at 51 keV. The dermal bones of Compagopiscis croucheri and of the juve-
nile Polypterus bichir were scanned at different propagation distances for holoto-
mographic reconstructions. Such a reconstruction mode enhances the visibility of
structures of different densities. For the same reasons, the dermal bones of Rattus
rattus, scanned at only one distance, were reconstructed with Paganin’s phase re-
trieval approach (Paganin et al., 2002). At high resolution, a 1 mm graphite disk was
put in the beam as a decoheror to get rid of the inhomogeneities of the multilayer
by diffusion of the beam after its monochromatization (table 6.1).
6.2.3.2 Scans with pink beam
The dermal bones of Mus musculus, which were our smallest samples, were scanned
at high resolution (voxel size: 1.36 µm) using a pink undulator U17.6 configuration.
The gap of the undulator was opened at 20 mm, thereby leading to a single funda-
mental in its spectrum at an energy of 19.1 keV. The scans of the dermal bones of
the juvenile Polypterus bichir were performed with the ID19 W150 wiggler opened
at 58 mm, using 3 mm of aluminium and 1 mm of copper as filters, thereby leading
to an energy close to 120 keV (table 6.2).
Images were analysed using Mimics 14.0 (Materialise, Leuwen, Belgium), VGStu-
dio MAX (Volume Graphics, Heidelberg, Germany) and ImageJ (Rasband, 2011).
6.2.4 Mathematical methods
The model presented in Section 6.2.1 was studied mathematically using two ap-
proaches: (i) analysis of the linear stability of a planar interface (ii) numerical
solution of the full model and investigation of its patterning abilities.
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Mesenchyme bone
Figure 6.2: Left: sketch of the initial interface used for the linear analysis. Right:
close view of the initial numerical interface from figure 6.9 (top left).
6.2.4.1 Linear stability analysis
Using previously described methods (Chandrasekar, 1961), we investigated the linear
stability of the a configuration with initially parallel sutural borders. For this, we
analysed the amplification or the damping of small perturbations applied to a planar
configuration {x = x0}. We thus started the analysis by assuming that the initial
interface was perturbed using a small sinusoidal wave with amplitude ε  1 and
frequency mode k (see figure 6.2, left):
x = x0 + ε sin(ky).
We then screened for a solution (evolving with time t) of the form:
x(t) = x0 + εe
s(k)t sin(ky).
where s is a function to be determined through the derivation of the so-called dis-
persion relation (section C.2.3 for further theoretical details).
Consequently, when s(k) > 0, the oscillations were amplified. We defined this
state as unstable. When s(k) < 0, the initial oscillations were damped and the
interface became more and more straight.
As mentioned earlier, we considered the case where the Lame´ coefficients were
constant in the two subdomains (mesenchyme and bone tissue). We also considered
that νm = νb. Given that these two values are close (see table 6.3), we used their
mean. In order to simplify the calculations, we opted for an isotropic diffusion matrix
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(D being the diffusion coefficient), namely D = DId. We put the anisotropy effect
on the haptotaxis field h. The ratio of anisotropy was denoted by α =
√
D2/D1 ≤ 1
(α = 1 in the isotropic case). The details of the computations are given in section
C.2.3.
As a matter of fact, in the numerical framework, ε can be seen as a numerical
“default” of the interface (see figure 6.2, right).
Such a linear stability analysis provides insight on the model presented in sec-
tion 6.2.1 as well as on the results of the numerical simulations based on this model
(see further in the text). Choosing an initial sine perturbation is not a restrictive
hypothesis and the stability results we obtained can be generalised to any other
type of initial perturbation, even to a random shape perturbation whose extracted
amplitude and frequency would be of order ε and k, respectively. From a numeri-
cal point of view, the small errors inherent to any computations (round-off error or
moving meshes for instance) are the discrete (in the sense that a computer discre-
tises equations) counterpart of the sine perturbation considered in the continuous
computation of the above analysis (see figure 6.2).
6.2.4.2 Numerical methods for simulations
In order to explore fully the model, we solved it numerically according to the prin-
ciples described in Section 6.2.1. Namely, the numerical analysis algorithm could be
summarised as follows:
1. the elasticity problem was solved for u, from which we deduced the principal
stresses;
2. we then computed the haptotaxis field h(e);
3. the diffusion-transport problem was solved for ρ, from which we determined
the ossification speed vossi;
4. the motion of the interface Γbm between bone and mesenchyme was computed
thanks to vossi;
5. we iterated steps 1–4 for different durations in order to obtain the time evolu-
tion of the suture.
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Parameter Value Reference
Width of the suture 0.5 – 1 mm direct measurement
Duration of constraint application 30 days direct measurement
Traction force 100 kPa Jasinoski et al. (2010)
Young’s modulus bone (Eb) 6000 Mpa Jasinoski et al. (2010)
Young’s modulus mesenchyme (Em) 50 MPa Jasinoski et al. (2010)
Poisson’s ratio bone (νb) 0.27 Jasinoski et al. (2010)
Poisson’s ratio mesenchyme (νm) 0.30 Jasinoski et al. (2010)
Mesenchymal cell density 103 /mm2 Peptan et al. (2008)
Haptotaxis intensity (χ) 1 mm/day ad hoc
Mesenchymal cells diffusion (D) 0.1 mm2/day Murray (2003)
Speed of deposition of bone on the border (v0) 0.1 mm/day Murray (2003)
Table 6.3: Biological parameters used in the numerical simulations
The interface Γbm was defined as
Γbm(t) = {x : φ(t, x) = 0},
where φ is a so-called level set function, which defines the interface implicitly. In-
deed, we used a level-set method (Fedkiw & Osher, 2002) in order to described the
movement of the interface according to the transport induced by the speed vossi.
This was performed by solving the following usual equation:
∂tφ+ vossi ·∇φ = 0.
The implementation of the numerical resolution was done by using the public
domain Finite-Element library FreeFem++ (all the above equations were solved with
the finite-element method). The biological parameters of the model were extracted
from the literature on suture biology (table 6.3).
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6.3 Results
6.3.1 Microscopic structure of craniofacial sutures
6.3.1.1 Hard-tissue imaging using conventional µCT scans
The usual µCT-scan devices have a sufficient resolution for the gross analysis of
the craniofacial phenotype (figure 6.3). Nevertheless, the µCT-scans used in de-
velopmental biology do not allow obtaining a sufficient resolution for visualising
fine structures such as osteocyte lacunae or Sharpey’s fibres. Furthermore, for soft-
tissues, the image quality is poor and structures such as tooth germs can hardly be
localised, even at the highest resolutions (figure 6.3). These scans are not suitable
for the 3D reconstruction of the small soft-tissue structures relevant for the study
of the early stages of mouse suture development.
6.3.1.2 Imaging of sutures using synchrotron X-ray microtomography
High-resolution imaging allowed us to obtain further information on the details of
sutural anatomy that were relevant in the design of the model. When describing
the model, we considered sutures as structures made of two rigid bony borders con-
nected by a network of collagen fibres. In between the two borders, the sutural
mesenchyme contained a population of osteogenetic cells. Using standard histology,
we first visualised the insertion of Sharpey’s fibres into the borders of the suture (fig-
ure 6.4). Synchrotron x-ray microtomography confirmed the presence of Sharpey’s
fibres within the peri-sutural bone. Virtual histological sections showed that these
fibres were organised in a fan-shaped pattern in the convexities of the sutures. This
pattern had been hypothesised (Jasinoski et al., 2010) but never visualised previ-
ously. Further microscopic information provided by high-resolution imaging were in
favour of a specific pattern of bone deposition along the sutures: osteocytes, that is
the osteogenetic cells, were concentrated in the convexities of the peri-sutural bone
while the concavities showed indirect signs of osteoclastic resorption (figure 6.5).
Sutures progressively develop an interdigitated pattern after birth (Miura et al.,
2009). Using synchrotron microtomography, the progressive interlocking of the two
margins of the suture as well as the asymmetry between the internal and the external
side of this structure are illustrated (figure 6.6). The limits of the presumptive diplo¨e
and the inner and outer tables seem to be initially defined around the borders of the
suture, as the separation between the two tables seems to extend from the suture
towards the centre of the skull vault bones.
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Figure 6.3: Hard-tissue imaging with a standard µCT-scan device. Skull anatomy
in Pkd2fl/fl;Wnt1-Cre mice compared to CD1 controls. The signal is good enough
to analyse the fine details of the craniofacial skeleton, but not sufficient to visualise
the structure of craniofacial sutures. Resoltion: 14 µm. Image obtained with the
help of Dr Christopher Healy, King’s College London.
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Figure 6.4: Collagen fibres in skull vault sutures. (a) Sharpey’s fibres within the
coronal suture of an adult mouse (arrowhead: insertion point of the fibres in the
lower border); picrosirius staining; (b) Sharpey’s fibres within the borders of the
coronal suture of a P20 wild-type mouse (arrowhead); lateral view; virtual section
obtained by computing the standard deviation of the signal over 20 sections ac-
quired by synchrotron x-ray microtomography with a 1.36 µm voxel size; (c) virtual
section from the same data set (P20 wild-type mouse coronal suture, synchrotron
x-ray microtomography, 1.36 µm voxel size) in upper view, obtained by computing
the minimal signal value over 20 sections; radiating Sharpey’s fibres in the convex
borders of the suture (arrowhead).
Figure 6.5: Bone deposition patterns in skull vault sutures. (a) 3D reconstruction
of the sagittal suture of a P20 mouse from synchrotron x-ray microtomography data
with a 1.36 µm voxel size; upper view; osteocytes are represented in red and are more
concentrated in convex regions (blue arrowhead) than in concave regions (red arrow-
head); (b) 3D reconstruction of the same data-set in frontal section; indirect signs
of bone resorption in the concave regions (arrowhead); osteocytes are represented in
yellow.
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Figure 6.6: Progressive interlocking of the sagittal suture borders in CD1 mice at
postnatal days 10 and 20 and in adults, visualised using synchrotron X-ray micro-
tomography. Scale bar 250 µm.
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Figure 6.7: Vascular anatomy of suture borders in adult CD1 mice visualised using
synchrotron X-ray microtomography. (a) Coronal suture of an adult (upper view).
(b) Same suture with the lower border removed, showing several vascular canal
openings in the convexities (blue arrow). (c) 3D reconstruction of the borders of
the same suture, showing the vascular canals (red) and the osteocytes (yellow). The
arrow points to the opening of a vascular canal in the convexity of an interdigitation.
Scale bar 250 µm.
The borders of the sutures are rich in vascular canals. The 3D reconstruction
of these canals shows a complicated network with a preferential distribution in the
concave regions of the borders (figure 6.7).
Finally, using a R26R-Wnt1-Cre mouse in order to track neural-crest derived
cells, we showed that adult sutures contained a population of such cells in the core
of their mesenchyme, that seemed to progressively migrate towards the bony borders
and integrate into the peri-sutural bone (figure 6.8).
6.3.2 Mechanically-driven morphogenesis of interdigitations
We first investigated the linear stability of the parallel border configuration when the
suture was submitted to mechanical traction. We derived the following dispersion
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Figure 6.8: Neural-crest derived cells in adult sutures. (a) LacZ staining on a frontal
section of a sagittal suture of an adult R26-Wnt1-Cre mouse; neural-crest derived
cells appear in blue; a central band in the mesenchyme of the suture (arrowhead) is
neural-crest derived; (b) same sample; the osteocytes that integrate into the bone
are neural-crest derived and migrate from the central mesenchyme (arrowhead).
relation giving the stability exponent s as a function of the perturbation mode k. We
established the following formula, involving reduced parameters of interest. Thus
we could discuss the influence of each parameter on stability:










where we have set k0 =
χ
D
G (1/ν − 2),
G = G
′ (1/ν − 2)
G (1/ν − 2) ,
(G′ being the derivative of G) and S a function detailed elsewhere (section C.2.3).
The factor v0 denoted the characteristic speed of ossification (or bone deposition).
The ratio χ/D denoted the ability of mesenchymal cells to respond to haptotactic
signalling. These factors had no influence on the sign of s(k). The sign of s(k) only
depended on the mechanical aspects of the model, namely the ratio of Young moduli
and common Poisson’s ratio as well as the function G. One crucial result of the sta-
bility analysis was that G established a link between the mechanical characteristics
of the tissues (for instance the Poisson’s ratio ν) and the local orientation of the
fibres.
We could compute (for isotropic as well as anisotropic diffusion, see section C.2.3)
the limit limk→∞ s(k) in the extreme case Em  Eb (soft mesenchyme, rigid bone).
This informed us on whether instabilities could grow or not from small perturbations.


















Using the basic properties of the function G (positive and increasing), we knew that
G was a positive quantity. We also had: −1 < ν < 1/2. Hence, we noticed that
anisotropic diffusion along the fibres enhanced instability as s(+∞) was necessarily
positive when α was lower than 1/4. Interestingly, when α was greater than 1/4, the
ratio G controlled whether an instability could arise or not: in fact, G determined the
sign of s(k) for a large enough k. When this ratio was large, an instability was more
likely to grow from a planar configuration. This could be interpreted as follows. For
a large G ratio – meaning that the function logG was stiff – the mean orientation of
the fibres was sensitive to variations in the local anisotropy of the stress tensor σ1
σ2
.
More theoretical precisions on this issue are given elsewhere (see section C.2.3.3)
In brief, according to the asymptotic dispersion relation (6.1), the growth of insta-
bilities depended linearly upon cellular features (speed of bone differentiation, hap-
totaxis), and non-linearly upon biomechanical aspects (tissue elasticity, mechano-
transduction of collagen fibres). Furthermore, mechanical features only, and not
cellular features, determined the sign of s(+∞).
Using biological parameters (table 6.3) and numerical simulations, we found that
the model reproduced the appearance of an instability when starting from parallel
borders and evolved in a similar way as sutures do in the first months after birth
by forming interdigitations (figure 6.9 and 6.10a). The regular aspect of the sutures
we found corresponded to the aspect of the sutures during the first steps of their
interdigitations (Miura et al., 2009). Furthermore, we found that under mechanical
stress in tension, randomly distributed collagen fibres spanning across the suture
spontaneously organised into a fan-shaped orientation. Interestingly, as a result
of this self-organisation process, the bone regions with the highest concentration
in fibre insertions were the regions that finite element analysis identified as locally
subjected to the highest level of mechanical stress (figures 6.10b, 6.10c). This spon-
taneous fan-shaped pattern of the orientation of collagen fibres in the borders of the
bone was also observed in real sutures, as revealed by high-resolution synchrotron
microtomography (figure 6.4).
The stability analysis of the model demonstrated that our set of initial hypotheses
are sufficient to account for several fundamental characteristics of skull vault sutures
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Figure 6.9: Onset of the instability. Snapshots of the interface. Starting from
a straight interface, the suture evolved towards a sinusoidal shape resembling the
interdigitations of real sutures. Length scales in mm. The simulation spanned over
30 days. Simulations performed under the supervision of Drs Vincent Calvez and
Paul Vigneaux, E´cole normale supe´rieure de Lyon, France.
via via self-organisation processes: (1) formation of interdigitations, (2) spontaneous
arrangement of collagen fibres in a biologically relevant pattern and (3) biologically
realistic distribution of bone deposition regions (that is in convexities, figure 6.10d).
6.3.3 Abnormal mechanotransduction disturbs the architec-
ture of the collagen fibres in the mesenchyme
The central hypothesis in our model was that the information about external forces
was transmitted to the suture via the orientation of the collagen fibres (Sherratt
et al., 1992; Murray, 2003). In order to illustrate the role of mechanotransduction
in suture patterning and collagen fibre orientation, a mouse strain with a condi-
tional knock-out of Pkd2 in neural crest cells was used (Pkd2fl/fl;Wnt1-Cre mice,
see section 2.2.3.2). Pkd1 and Pkd2 form a transmembrane heterodimer working
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Figure 6.10: Biomechanical features of the instability. (a) Last snapshot from figure
6.9 showing the aspect of the simulation after 30 days. The boxed zone is enlarged
in (b, c, d). (b) Principal stress σ1 (in MPa). The convexities were the areas
subjected to the highest levels of stress. (c) Mean orientation of fibres (contour lines
of the local vector field) in the mesenchyme: fan-shaped insertion in the convexities
mimicking the insertion pattern of Sharpey’s fibres in real sutures (figure 6.4). (d)
Mesenchymal cell density ρ (non-dimensional unit) highlighting the pattern of bone
deposition. The ossification speed was higher in the convex areas as a result of the
distribution of collagen fibres. Length scales in mm. These 3 snapshots in (b, c,
d) were all taken at day 30. Simulations performed under the supervision of Drs
Vincent Calvez and Paul Vigneaux, E´cole normale supe´rieure de Lyon, France.
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Figure 6.11: (a, b) Fronto-maxillary suture in adult wild-type CD1 (a) and adult
Pkd2fl/fl;Wnt1-Cre (b) mice; picrosirius staining; the absence of a gene involved in
mechanotransduction leads to abnormal suture patterning and wrong collagen fibre
insertions (arrowheads); the bone is globally depleted in collagen.
as a calcium channel activated by the bending of primary cilia and are expressed
by osteoprogenitor cells within sutures (Kolpakova-Hart et al. (2008); Xiao et al.
(2011) and section 2.1.3). A detailed description of the craniofacial phenotype in
Pkd2fl/fl;Wnt1-Cre mice is provided in section 2.3.2. In the fronto-maxillary suture,
the lack of Pkd2 in neural crest derived cells (sutural neural crest derived cells are
visualised in figure 6.8), and thus putative defective mechanotransduction, led to
a failure of suture patterning and to abnormal collagen fibre disposition across the
suture (figure 6.11a, 6.11b).
6.3.4 Bone deposition in the convexities of sutures is an
ancestral vertebrate character
In order to verify if the bone deposition mechanisms we studied in mammals are
a general feature across other mammalian species, we first confirmed the presence
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of interdigitations and radiating fibres in a species close to the mouse, the rat Rat-
tus rattus. Interdigitations similar to the ones observed in mice were found in the
rat (figure 6.12a). Sharpey’s fibres were observed both in the sutural space (figure
6.12b) and within the peri-sutural bone (figure 6.12c). Next, in order to extend the
conclusions of our model to other extant vertebrates, we examined the structure
of the sutures in a basal bony fish, the actinopterygian Polypterus bichir. In this
species, using high-resolution imaging, we showed the progressive complexification of
the suture pattern (figure 6.13) and the presence of denser network of blood vessels
surrounding the convexities of the interdigitations (figure 6.13, red arrow). Finally,
in order to confirm the ancestral nature of the mechanisms reproduced by our model
for all gnathostomes, we examined the sutures between two dermal bones (interolat-
eral and anterior ventrolateral plates) of a placoderm fish, Compagopiscis croucheri
(Gardiner & Miles, 1994). Placoderms are an extinct group of armoured fish-like
basal gnathostomes. They form the oldest group where dermal bones and sutures
can be related to the tissues observed in more derived groups such as mammals
(Janvier, 1996). By using synchrotron X-ray microtomography (Tafforeau & Smith,
2008), we observed the bone growth lines in a suture of Compagopiscis croucheri
and showed that the convexities of sutures are areas with fast bone deposition when
compared to the concavities (figure 6.14). Furthermore, we found a denser network
of vascular canals in the concavities of the sutural borders when compared to the
convexities, as what we had previously observed in Polypterus and mice.
6.4 Discussion
Using a theoretical approach, we have demonstrated that external mechanical forces
are sufficient to make a suture function in a way that reproduces many of the in
vivo characteristics of sutural bone formation. The nature of the external stimulus
we used in the simulations requires further discussion. From the analysis of the
dispersion relation, it is clear that the outcome of the model was not influenced by
the characteristics of F . Namely, the final shape of the suture and the position of
the bone forming regions did not depend of the fact that the force was quasistatic
or periodic (with constant sign i.e. always in traction). The results did not depend
either on the amplitude of the force F . This suggested that the continuous growth of
the brain and cyclic stresses due to mastication for instance could both induce bone
deposition patterns leading to the appearance of interdigitations. One limitation of
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Figure 6.12: Sutural interdigitations and Sharpey’s fibres in the rat. (a) Fragment
of the frontal suture of an adult Rattus rattus, 3D reconstruction from synchrotron
X-ray microtomography data with a 0.678 µm voxel size. (b, c) Sections b and c,
respectively defined in figure (a), showed interdigitations and collagen fibres con-
necting the 2 borders of the suture (red arrows); sections from synchrotron x-ray
microtomography data with a 0.678 µm voxel size. Images obtained in collabora-
tion with Drs Paul Tafforeau and Sophie Sanchez, European Synchrotron Radiation
Facility, Grenoble, France.
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Figure 6.13: Sutural interdigitations in a basal extant actinopterygian. Juvenile
(a) and adult (b) parietal sutures in Polypterus bichir showing the progressive com-
plexification of the suture in the coronal plane; sections from synchrotron X-ray
microtomography data with a 14.92 µm voxel size (juvenile sample) and a 30.2 µm
voxel size (adult sample). Images obtained in collaboration with Drs Paul Tafforeau
and Sophie Sanchez, European Synchrotron Radiation Facility, Grenoble, France.
this study is the fact that the model cannot simulate the effects of compression. In
fact, only the traction of the fibres transmits information to the sutural mesenchyme.
Even though it is known that external compression cannot induce abnormal suture
fusion (Herring, 2008), a model considering the effects of both compression and
traction would be of interest, especially for the analysis of the fine effects of cyclic
stresses such as mastication.
Suture interdigitations progressively develop complex patterns that diverge from
the simple patterns produced by our model (Miura et al., 2009). This fact could be
the consequence of short simulation times (in accordance with the fact that we are
essentially interested in early steps of sutures formation) but also due to choice of
constant Lame´ coefficients and homogenous haptotactic conditions within the mes-
enchyme (constant χ). With our set of hypothesis, the spatial and temporal scales
of the patterns formed by the model were biologically realistic: the amplitude of the
interdigitations reached about 2 mm in about 30 days of evolution. Interestingly,
the time scale depended on the following parameters: χ, D and v0. Longer simula-
tion times and the introduction of inhomogeneities may induce modifications in the
outlines of the sutures produced by the model.
Interestingly, our hypothesis on the migration of cells from the mesenchyme to-
wards the borders of the suture was supported by the fact that in the sagittal suture
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Figure 6.14: Pattern of sutural bone deposition in a basal extinct gnathostome. (a)
Bone deposition in the convexities of a suture (between interolateral and anterior
ventral plates) in the placoderm Compagopiscis croucheri (red arrow) was faster than
on the confronting concavities of the same suture, as shown by the larger distance
between growth lines in the latter; virtual section obtained by summing 20 sections
from synchrotron X-ray microtomography data with a 5.05 µm voxel size. (b) 3D
reconstruction of the same suture. Convexities (red arrow), which are putative
regions with fast bone deposition, did not have a dense vascular network when
compared to the opposite concave border. Images obtained in collaboration with
Drs Paul Tafforeau and Sophie Sanchez, European Synchrotron Radiation Facility,
Grenoble, France and Pr Per Erik Ahlberg, Uppsala University, Sweden.
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of mice, neural-crest-derived osteogenic cells from the mesenchyme progressively
integrated into the mesoderm-derived parietal bones (figure 6.8). The previously
unknown central band of neural-crest-derived cells we observed at the centre of the
mesenchyme of the sagittal sutures of adult mice (figure 6.8) seemed to correspond
to the quiescent mesenchyme core previously defined (Lana-Elola et al., 2007). Such
neural-crest derived cell populations in the mesenchyme of the sagittal suture had
already been described at the early stages of suture development (at E17.5 in mice
embryos (Jiang et al., 2002)), but its persistence at adult stages had not been ob-
served. The presence of this population may be another sign in favour of the fact
that sutures are active bone deposition sites during post-natal growth.
In a mouse mutant with putative defective mechanotransduction (the Pkd2fl/fl;Wnt1-
Cre mutant mouse), both the morphology of the sutures and the organisation of their
mesenchyme were abnormal. Pkd genes are known to play a role in mechanically
induced bone formation in mice (Kolpakova-Hart et al., 2008; Xiao et al., 2011).
In fact, in osteocytes, Pkd1 and Pkd2 form a stress-activated calcium channel lo-
cated at the basis of primary cilia that can contribute to transform a mechanical
signal into a chemical gradient (Kolpakova-Hart et al., 2008). In this context, the
abnormal sutures of the Pkd2fl/fl;Wnt1-Cre mutant mouse can be interpreted as
the result of a defect in the self-organisation processes leading to normal suture pat-
terning, due to the lack of proper mechanotransduction required for collagen fibre
rearrangement within sutural mesenchyme. Further studies of the mechanisms of
suture malformations in Pkd mutants will have to confirm this hypothesis.
By analysing the microscopic anatomy of sutures in a mammal, a basal actinoptery-
gian and a placoderm, we provide evidence indicating that the mechanisms driving
bone deposition in sutures share similarities between extinct ancestral vertebrates
and extant mammals and that a set of simple mechanotransduction phenomena may
be conserved in all species presenting with dermal bones. In fact, placoderms are con-
sidered as the most basal jawed vertebrates and the state of a character within this
group can be considered as plesiomorphic for all gnathostomes, including tetrapods
(Janvier, 1996). From an evolutionary point of view, the dermal skeleton is the first
mineralised tissue appearing within jawed vertebrates. In this context, the mecha-
nisms we described in our model are good candidates for being the ancestral set of
events leading to bone formation in the first gnathostomes.
CHAPTER 6. MODELLING MECHANOTRANSDUCTION IN SUTURES 167
6.5 Conclusion
The model we propose simulates the morphological characteristics of vertebrate su-
tures by relying on simple mechanical processes. The small number of crucial hy-
potheses made (self-organisation of collagen fibres in the mesenchyme directed by
mechanical stress, mechanotransduction by migration of mesenchymal osteogenetic
cells along collagen fibres, subsequent bone deposition at the borders of the sutures)
are corroborated by data from transgenic mice and high resolution imaging in mice,
rat, human and extant and fossil fish samples.
Pattern formation involves a combination of chemical and physical processes.
The approach proposed here did not relate to any previous system producing inter-
digitated patterns and nevertheless simulated several fine biological characteristics
of sutures (orientation of collagen fibres, appearance of interdigitations, specific dis-
tribution of bone deposition regions along the borders of the bone) via a previously
unknown type of mechanically driven and biologically relevant instability. Most
of the current research on suture maintenance and on craniosynostosis focuses on
the molecular factors involved in bone proliferation and differentiation. The model
proposed here offers an initial theoretical basis that could be of use in the under-
standing of the interactions between bone deposition and physical processes. In
fact, this model illustrates the patterning ability of simple mechanical processes.
Mechanotransduction could act upstream in several very common pathological sit-
uations such as deformational plagiocephalies or scaphocephaly, where there are
striking and unexplained individual variations and differences in responses to exter-
nal stimuli.
6.6 Perspectives
In our theoretical approach, mechanotransduction is based on the presence of col-
lagen fibres connecting the two borders of the sutures. Nevertheless, no data is
available on the developmental dynamics of these fibres: one step towards the vali-
dation of our hypotheses should be the study of the timing of formation of collagen
fibres within sutures. If fibres connecting the borders of the sutures develop af-
ter the establishment of the first interdigitations, the hypothesis of our model will
have to be totally revised. Furthermore, in vivo cell tracking studies are currently
missing to check for the progressive migration of cells from the central core of the
sutures towards its borders and their progressive integration into the bone. Without
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demonstrating such cellular movements, our model cannot be accepted. Finally, us-
ing the current model, asymmetrical tractions on the borders of the sutures, as well
as compressive forces, should be taken into account in order to have more realistic
simulations.
Chapter 7
The buccohypophyseal canal and
Sonic hedgehog signalling
7.1 Introduction
Osteocytes can sense mechanical forces via molecules such as the Pkd1-Pk2 complex
(Xiao et al., 2010). In fish, large numbers of mechanoreceptors are concentrated
in well studied organs such as the lateral line (Northcutt, 1997). One organ which
could be involved in mechanosensation is nevertheless poorly understood, the buc-
cohypophyseal canal (BHC). Here new data on the formation of this canal and on
the mechanisms governing its maintenance is provided. It is shown that the main-
tenance of the BHC is under the control of sonic signalling and that this canal is an
ancestral character for all gnathostomes.
The buccohypophyseal canal (BHC) is a peculiar duct connecting the floor of the
diencephalon and the adenohypophysis with the roof of the mouth. In all mammals,
it closes in the early stages of development. Its persistence in humans is thus an ab-
normality occurring in a wide range of disorders involving midline disorders, such as
holoprosencephaly (Kjaer & Fischer-Hansen, 1995). Nevertheless, apart from adult
tetrapods (Janvier, 1996) and some larval forms of extant sarcopterygians, such as
lungfishes (Janvier, 1996) and lissamphibians (Trueb, 1993), nearly all vertebrate
species have an open BHC. Surprisingly, even though a connection between the
mouth and the central nervous system may play some physiological role, the mode
of formation and the functions of the BHC are poorly understood. In fish, several
authors suggest that the BHC could act as an indicator for salinity, via mechanore-
ceptors sensitive to the stretching of the cell membrane (Chapman et al., 2005; Seale
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et al., 2005).
From a developmental point of view, the BHC is a vestige of Rathke’s pouch
(RP), which is formed from the ectodermal diverticulum of the adenohypophysis
after its separation from the roof of the mouth. RP derives from the hypophyseal
placode, which is initially an epithelial thickening in a small oral region underlying
the diencephalon where Sonic hedgehog (Shh) expression is down-regulated. How-
ever, Shh target genes are expressed throughout the walls of the RP and are required
for its outgrowth and differentiation (Treier et al., 2001). In mice, the pouch starts
forming around embryonic day (E)9.5 and the transient BHC ultimately closes by
E11.5. In species where a persistent BHC is present in adult stages, and in mutants
with an open BHC, the pouch does not close and foramina are maintained on the
intracranial and/or oral sides of the basisphenoid bone, sometimes coalescing with
the foramina for the internal carotid arteries (de Beer, 1937).
RP is often referred to in the literature as an important signaling center, as it is
located at the rostral end of the notochord (de Beer, 1937; Barteczko & Jacob, 1999),
at the foremost limit of the gut endoderm (Johanson & Smith, 2005) and marks the
posterior limit of neural-crest derived territories (Yoshida et al., 2008; McBratney-
Owen et al., 2008). Its position at three important boundaries also makes it a good
candidate for being involved in cranial base morphogenesis (Meinhardt, 1983).
While the positions of the RP relative to the rostral end of the notochord and to
the posterior border of the neural-crest derived tissues are well known, there prevails
an uncertainty about its position in relation to the gut endoderm (Kimura et al.,
2007, 2011). In this study, the relative position of the endodermal cells to the RP is
first confirmed by using R26R;Sox17-Cre mice. Knowing the important role of Shh in
the facial midline development (Schachter & Krauss, 2008) and pituitary formation
(Treier et al., 2001), the persistence of the BHC in four SHH-related mutant mouse
lines was then investigated: Polarisfl/fl;Wnt1-Cre, Ofd1−/−, Kif3a−/− and Gas1−/−.
Finally, in order to confirm that the persistence of the BHC is an ancestral character
amongst vertebrates, a comparative study of species that retain an open canal was
performed. Interestingly, it was found that within several groups of chondrichthyans
and within ancestral tetrapods, the loss of a persistent BHC was associated with
a reorganisation of midline structures and that ancestral species with a persistent
BHC had midline structures reminiscent of the configuration found in mice with
mutations in Shh-related genes.
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7.2 Materials and Methods
7.2.1 Mutant mice generation, histological analysis and skele-
tal preparations
R26R-Sox17-Cre (Engert et al., 2009), R26R-Wnt1-Cre (Danielian et al. (1998),
Gas1−/− (Lee et al., 2001), Polaris−/−;Wnt1-Cre (Haycraft et al., 2007), Kif3a−/−
(Marszalek, 1999) and Odf1−/− (Ferrante et al., 2006) mice were generated and
genotyped as previously described in the literature and in section 2.2.3.3. Animal
experimentation was performed as detailed in section 2.2.3.1, and tissue processing
was done as explained in section 2.2.4. Transgenic mice carrying a LacZ reporter
were processed through the protocol given in section 2.2.5. Skeletal preparations
were performed as described in Morriss-Kay (1999) and in section 2.2.7.
7.2.2 Radioactive in situ hybridization
Radioactive in situ hybridation was performed according to a modified Wilkinson
procedure (Wilkinson, 1992). The details of the protocol are given in section 2.2.6.
7.2.3 High-resolution imaging of soft-tissues
7.2.3.1 High-resolution imaging of Callorhinchus
The Callorhinchus specimen AMNH 257784 was scanned on the ID19 beamline of
the ESRF using an isotropic voxel size of 30 µm, with a single propagation distance
of 4 m. The beam was produced by the U17.6 undulator closed at the gap of 13.5
mm, filtered by 2 mm of aluminium and 1 mm of copper. Such a configuration allows
isolating mostly a single harmonic from the original insertion device spectrum, with
an effective energy of 55 keV. In order to obtain differential contrasts for the different
tissues of the specimen, a single distance phase retrieval process was used (Paganin
et al., 2002; Sanchez et al., 2012). This very simple approach allows generating 3D
volumes with a high sensitivity, contrast and signal to noise ration, while retaining
high resolution and avoiding the propagation fringes typical of edge detection scans.
The full sample was scanned in 6 sub-scans of 4 minutes each, using 2499 projections
of 0.1 s each over 360 degrees. The detector was based on a 750 µm thick LuAG
scintillator, coupled to a FReLoN (Fast Readout Low Noise) CCD camera through a
lens-based optic system. Volumes were reconstructed using ESRF software PyHST,
that includes the single distance phase retrieval algorithm (Sanchez et al., 2012).
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Sub-volumes were corrected for ring artefacts, and then concatenated to generate a
single stack of 16 bits tif slices. These experiments were performed under the su-
pervision of Dr Paul Tafforeau, European Synchrotron Radiation Facility, Grenoble,
France.
7.2.3.2 High-resolution soft-tissue imaging in mouse embryos
Imaging soft-tissues with x-rays is an on-going medical challenge. In order to in-
crease the CT signal, injectable contrast agents such as iodine are commonly used
by radiologists. Based on these techniques, iodine staining has been developed for
imaging embryos in micro-CT devices in order to increase the signal delivered from
soft-tissues. In fact, the 3D reconstruction of soft-tissue structures such as dental
germs using histological techniques is not straightforward and it is much more precise
to perform high resolution virtual serial sections followed by segmentation. Never-
theless, the resolution of current µ-CT scanners is not sufficient to study the smaller
structures of interest in embryology. These experiments were performed under the
supervision of Dr Paul Tafforeau, European Synchrotron Radiation Facility, Greno-
ble, France. Detailed methods for high-resolution synchrotron microtomography are
provided in section B.2.
7.3 Results
7.3.1 The buccohypophyseal canal derives from an ecto-
dermal placode located close to three developmental
boundaries.
In the absence of conclusive data, it was first aimed to confirm that RP is located
in the anterior limit of the oral endoderm in the roof of the oral cavity by using
R26R-Sox17-Cre mice. Sox17 is a reliable early endoderm marker essential for
its differentiation (Engert et al., 2009). Indeed, Sox17-positive cells extended to
the border of the invaginating RP and also some rare endoderm cells were still
populating a region corresponding to the former localisation of the buccopharyngeal
membrane. However, there was no contribution of the endoderm to actual RP
(figures 7.1a, 7.1b). Following this, previously published data showing that RP
is anteriorly bordered by neural crest cells was confirmed by using R26R;Wnt-Cre
(figure 7.1c). It was also illustrated that the position of the tip of the notochord
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relies behind the posterior wall of the pouch (figure 7.1d). Together, these findings
confirm the position of RP at the centre of three important boundaries and indicate
that RP is a good candidate signaling centre for cranial base development.
7.3.2 High-resolution imaging of Rathke’s pouch at early
stages
The three-dimensional morphology of developing pituitary gland in wild-type mice
at E11.5 is mostly unknown. At this stage, RP is nearly fully separated from the oral
ectoderm, forming a heart-shaped pouch and embracing the tissue mass originating
from the ventral diencephalon (figures 7.2a and 7.2b). Interestingly, this pouch
shows a tendency toward lateral duplication (figure 7.2c).
7.3.3 Persistence of the buccohypophyseal canal in cilia-
related mutants: a morphological study
Shh is a secreted signalling molecule required for normal patterning of the craniofa-
cial midline (Chiang et al., 1996; Brugmann et al., 2010). Therefore the investigation
were focused on mutant mouse lines with known disturbances Shh-signaling. It is
known that primary cilia are implicated in the regulation of Shh function (Quin-
lan et al., 2008). Thus, in order to examine the possible role of Shh-signaling in
closure of the BHC, a phenotypic analysis of three cilia-related transgenic mice,
Polarisfl/fl;Wnt1-Cre, Ofd1−/− and Kif3a−/− was carried out. Previous studies
performed on these mice have demonstrated an abnormal Shh-signalling and phe-
notypes associated with both reduced and increased Shh-signalling activity (Ochiai
et al., 2009; Brugmann et al., 2010; Bimonte et al., 2011).
Histological examination of all Polarisfl/fl;Wnt1-Cre, Ofd1−/− and Kif3a−/−
mice at E18.5 revealed variable malformations of the pituitary gland, commonly
hindering fusion of the basisphenoid bone in the region of RP. More precisely, the
pituitary gland in Polarisfl/fl;Wnt1-Cre mice remained open and connected to the
oral cavity. These mutants also had an abnormally shaped, two-headed gland, rem-
iniscent of the anteroposterior pituitary duplications seen in Noggin null mutants
(Davis & Camper, 2007; Lana-Elola et al., 2011). Examination of the skeletal prepa-
rations showed wide clefting of the basisphenoid, dysmorphic bones associated with
the anterior cranial base and a generalised widening of the anterior midline structures
(figures 7.3a, 7.3b, 7.3c). In both Kif3a−/− and Ofd1−/− mutant mice, a malformed
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Figure 7.1: Rathke’s pouch (RP) is located at a triple boundary. (a) whole-mount
LacZ staining of an R26R;Sox17-Cre E10.5 mouse embryo showing the anterior
limit of the endoderm (red arrowhead) and the posterior border of RP (blue arrow-
head) – image produced in collaboration with Dr Abigail Tucker and Dr Michaela
Rothova, King’s College London; endo-buccal view of the oral roof (b) anterior limit
of the endoderm in the mid-sagittal plane at E10.5 (arrowhead), LacZ staining,
R26R;Sox17-Cre mouse embryo; (c) posterior limit (arrowhead) of the neural-crest-
derived mesenchyme in the mid-sagittal plane at E12.5, corresponding to the location
of the closing buccohypophyseal canal, in an R26R;Wnt1-Cre mouse embryo; (d)
anterior end of the notochord (arrowhead), eosin staining, E10.5, wild-type mouse
embryo.
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Figure 7.2: 3D morphology of Rathke’s pouch. (a) RP at E11.5 in a wild-type mouse
in coronal section, visualised using synchrotron X-ray microtomography after iodine
staining. (b) 3D reconstruction of the sample sample. Anterior aspect clipped in the
coronal plane. The oral ectoderm (red) in still connected to the pouch (red arrow).
The diencephalon (blue) invaginates (black arrow) towards the pouch (yellow). (c)
Posterior view of the forming pituitary at the same stage. The diencephalon evagi-
nation (black arrow) fits into a heart-shaped RP (yellow) still connected to the oral
ectoderm (red).
and displaced pituitary gland was noted, together with a wide opening in the ba-
sisphenoid. In Ofd1−/− mutants this was accompanied by duplications of the nasal
septum (figures 7.3d, 7.3e, 7.3f). Interestingly, mutations of the OFD1−/− gene in
humans can also result in defects of the craniofacial midline. A mid-sagittal section
of a medical computed tomography scan of a patient with an OFD1−/− mutation
(de novo c.412G>A p.G138S mutation) demonstrated abnormalities of the sphenoid
bone with defective ossification below the pituitary gland. Clinical examination of
the same patient revealed mid-facial anomalies, including a midline upper cleft lip
(figures 7.3f, 7.3g).
The fenestration of the basisphenoid bone and the widening of the mid-facial
structures are therefore common features in these cilia-related mutants. The forma-
tion of the pituitary gland is also variably disrupted in these mice and can be asso-
ciated with the partial persistence of the BHC. In comparison to previous studies,
these midline anomalies are close to the phenotypes associated with modifications
in the expression patterns of Shh-pathway related genes (Brugmann et al., 2010).
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Figure 7.3: Persistent buccohypophyseal canal and Shh-related abnormalities in
ciliary mutants. (a) At E18.5, there is no midline foramen in basisphenoid bone of
wild-type mouse embryos. (b) In Polarisfl/fl;Wnt1-Cre mutants at E18.5, a large
defect in the basisphenoid is associated with a midline maxillary cleft. (c) Open
buccohypophyseal canal at E18.5 in a Polarisfl/fl;Wnt1-Cre mutant (arrow). (d)
Basisphenoid defect in a Kif3a−/− mutant at E18.5 (arrows) with bulging of the
pituitary towards the oral cavity. (e) Duplication of the nasal septum in an Ofd1−/−
mutant at E18.5 (arrow). (f) Basisphenoid defect under the pituitary at E18.5 in an
Ofd1−/− mutant (arrows). (g) Incomplete median upper lip cleft in a human case
with an Ofd1−/− mutation (arrows). (h) Ossification defect of the sphenoid bone
in the same case (arrow); standard medical CT-scan at 16-years. Images a-e were
produced in collaboration with Dr Sarah Ghafoor and Dr Maiko Kawasaki, King’s
College London.
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7.3.4 Persistence of the buccohypophyseal canal in Shh pathway-
related mouse mutants: an expression pattern study.
Gas1 is a transmembrane protein that has been shown to act as an agonist in Shh
signalling during development of the early facial midline (Seppala et al., 2007), and
as an antagonist during molar formation (Lee et al., 2001; Cobourne et al., 2004;
Ohazama et al., 2009). Loss of Gas1 activity results in reduced Shh signalling in
the palatal shelves and in the midline of the frontonasal process. Gas1−/− mice
display microform holoprosencephaly, including mid-facial hypoplasty, hypoplastic
nasal septum and cleft lip/palate (Pineda-Alvarez et al., 2011).
Histological examination of the Gas1−/− mutants demonstrated a ventrally dis-
placed pituitary gland located immediately adjacent to the oral ectoderm and inter-
fering with closure of the basisphenoid bone, as seen also in Polarisfl/fl;Wnt1-Cre,
Ofd1−/− and Kif3a−/− mutant mice. A ventral examination of the skeletal prepara-
tions also revealed fenestration of the basisphenoid bone (figure 7.4).
In order to understand the early mechanisms of defective pituitary gland de-
velopment in Gas1−/− mutants, the expression of Shh, its receptor Ptc1, the tran-
scription factor Gli1, Bmp2 and Bmp4 were examined at E10.5. The expression
of dorsal markers expressed by the invaginating diencephalon, Fgf8 and Fgf10, was
also investigated. Fgf8 and Fgf10 have antagonistic effects on Shh, and Fgf8 has also
an ability to induce the invagination of the RP (Treier et al., 2001). Notably, Shh
was similarly expressed in both wild type and knockout Gas1−/− mice by the oral
ectoderm posterior to RP. However, expression of the downstream signalling factors
Ptc1 and Gli1, whilst extending throughout the ventral and dorsal RP in wild type
mice, was limited to the ventral side of the anterior part of the RP in mutants. Shh
was also strongly expressed by the ventral forebrain in close proximity to anterior
RP, which could explain the rescued expression of Ptc1 and Gli1 in the anterior
part of the RP in comparison to its posterior part. In contrast, Bmp2 and Bmp4
expression remained unchanged in the oral ectoderm and RP in the absence of Gas1
activity. Fgf8 and Fgf10 were also both as strongly expressed in the wild type and
knockout mice in the ventral invagination of the diencephalon (figure 7.5).
Altered expression of Shh downstream target genes in Gas1−/− mutants indicates
that this pathway is involved in abnormal development of the anterior pituitary gland
and subsequently in persistence of the foramen in the midline of the basisphenoid
bone.
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Figure 7.4: Persistent buccohypophyseal canal in Gas1−/− mice. Due to a defect
in the basisphenoid bone (bs), the anterior lobe of the pituitary gland (apg) is
located directly under the oral epithelium of the pharynx (px). (A, B) wild-type
and mutant skeletal preparations at P0 using alcian blue and alizarine red showing
a clearly defined bony midline defect (white arrow) in the basisphenoid. (C, D)
wild-type and mutant frontal sections stained with hæmatoxylin-eosin showing the
bony defect and the modification of the position of the pituitary in mutant D (black
arrow). Images produced in collaboration with Dr Maisa Seppala, King’s College
London.
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Figure 7.5: Expression patterns of Shh-related genes in Gas1−/− mice. At E10.5, the
expression patterns of Shh, Bmp4 and Bmp2 is similar in wild-type and Gas1−/−
mutant mice. The expression territory of Ptch1 and Gli1 are nevertheless reduced
posteriorly and apically within Rathke’s pouch. Images produced in collaboration
with Dr Maisa Seppala, King’s College London.
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7.3.5 A persistent buccohypophyseal canal is associated with
wider midline structures in gnathostomes.
The persistence of the BHC is considered an abnormal finding in mice and our
results indicate that this is related to modifications in the Shh signalling pathway.
Interestingly, the BHC is also present in a large number of vertebrate species.
In order to investigate the ancestry of BHC persistence, the structure of the
cranial base in several key chondrichthyan species was first examined. These carti-
laginous fishes represent a vertebrate group with a high variability in the anatomy of
the cranial base and an interesting correlation between BHC persistence and the mid-
line structure of the anterior cranial base was noted. In many fossil chondrichthyans,
such as Doliodus (figures 7.6a, 7.6b), Pucapampella (Janvier, 1996), Orthacanthus
(figure 7.6e), Cladodoides (Maisey, 2005), Kawichthys (Pradel et al., 2010), Cobelo-
dus (Maisey, 2007) and Egertonodus (figures 7.6c, 7.6d), the palatoquadrates do
not fuse at the midline and are separated by an ethmoidal internasal septum. In-
terestingly, in these chondrichthyan taxa, there is either a distinct persistent BHC
separated from the internal carotid canals or a large hypophyseal fenestra, which
represents an opening in the cranial base that communicates with the hypophyseal
chamber of the endocranial cavity by which the internal carotid arteries enter the
neurocranium.
In contrast, it was noticed that living chondrichthyans, such as neoselachians
(modern sharks) and holocephalans (ratfish), do not possess an open BHC in the
adult. In neoselachians, the two palatoquadrates are fused at the symphysis on
the midline, and are thus not separated by an ethmoidal internasal septum (for
instance in Isurus, figure 7.6f, red arrow). The condition in holocephalans is different
since the palatoquadrates are fused to the neuro-cranium although they remain
separated anteriorly from each other by an internasal septum (de Beer, 1937; Grogan
et al., 1999). Nevertheless, the latter is very narrow and the two nasal capsules are
very close to each other in the midline. Using three-dimensional reconstructions
based on synchrotron microtomography data, it is shown that in a juvenile extant
holocephalan, the BHC is partly obliterated: the cranial base separates the pituitary
into two parts (figure 7.7a, red arrow and figure 7.7b, blue outline), and the extra-
cranial part aborts during ontogeny (figure 7.7c, the red arrow indicates the ongoing
fusion of the cartilage in the region of the vestigial BHC). In brief, the association
of a persistent BHC and wider anterior midline structures observed within basal
chondrichthyans compared to living chondrichthyans resemble what is observed in
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Figure 7.6: The closure of the BHC in chondrichthyans is associated with modifica-
tions of the anterior midline. (a) Detail of the palate in Doliodus problematicus, 3D
reconstruction based on CT scan, showing palatoquadrates (in purple) widely sep-
arated by the ethmoid region (in yellow, arrowhead), after Maisey (2009); (b) same
specimen with teeth (red) in place; note the presence of teeth on the ethmoid keel.
(c) Anterior view of the head of a hybodontid shark, Egertonodus basanus (Egerton),
NHM 6356, Lower Cretaceous, Wealden, Pevensey, England, after Maisey (1983);
(d) same specimen, with anterior tooth positions in red, and anterior parts of the
palatoquadrates colored in yellow; the distance between the palatoquadrates is nar-
rower than in Doliodus (arrowhead). (e) anterior view of an articulated Permian
shark brain case and jaws, Orthacanthus sp. (probably O. texensis), from Archer
County, Texas (cast of MCZ 12872); the palatoquadrates are still separated by a
narrow band of ethmoid bone (arrowhead). (f) anterior view of an articulated ex-
tant shark brain case and jaws, Isurus oxyrhinchus, showing a fusion of the two
palatoquadrates (arrowhead), only separated by the palato-nasal ligament.
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Shh-pathway related mutants.
Early sarcopterygians are bony fish but this group also includes the tetrapods.
Scanning of the extant coelacanth Latimeria chalumnæ (crown actinistian) belong-
ing to this group revealed that they have partly obliterated but genuine BHC (figure
7.8). In this species, the parasphenoid is densely covered by denticles on its anterior
portion but does not show any foramen on its oral side. Together with the neuro-
hypophysis, the pars intermedia of the pituitary gland is located ventrally to the
telencephalon, whereas the pars distalis is situated dorsal to the roof of the oral
cavity and connected to the pars intermedia by a very long hypophyseal duct that
extends through the BHC (figure 7.8 and Lagios (1975)). The posterior tilt of the
duct is remarkable. In fact, in coelacanths, craniofacial development is most proba-
bly marked by a negative allometric growth between the brain and the endocranial
cavity. In pups and juveniles, the forebrain extends anteriorly to the intracranial
joint and the BHC, whereas in adults the forebrain is located posteriorly to these
structures. Consequently, a posterior tilt of the hypophyseal duct seems to occur
during the postnatal development.
Interestingly, the brain cases of stem actinistians are poorly studied but in the
taxa in which the brain case has been described (e.g., Euporosteus and Diplocer-
cides), the BHC always remains persistent, with an oral opening in the parasphe-
noid (Forey, 1998). These species display a broad parasphenoid, which reaches well
forward, ventrally to the nasal capsules, and have a wide inter-orbital septum. Fur-
thermore, in these taxa, the brain is presumed to have expanded anteriorly beyond
the intracranial joint. All together, it appears that, within sarcopterygians, in basal
actinistians, the opening of the buccohypophyseal canal into the mouth is a basal
character and is associated with a broad-based, platybasic, brain case and further
supports the possible involvement of Shh-related genes in the closure of the BHC
during gnathostome evolution.
7.4 Discussion
It was shown that RP is a good candidate for being an important signalling centre in
cranial base development. The abnormal persistence of the BHC in mice is associated
with defective Shh signalling and is correlated with anterior midline modifications.
In vertebrate species with a normally persistent BHC, a distinctive organisation of
the midline reminiscent of the involvement of the Shh pathway is described.
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Figure 7.7: The buccohypophyseal canal in the holocephalan Callorhinchus. (a)
Sagittal section obtained from synchrotron microtomography showing the pituitary
region (arrowhead). (b) The pituitary gland has recesses on both sides of the sphe-
noid (outlined in blue). (c) 3D reconstruction in ventral view showing the pharyngeal
pituitary connected to the intracranial pituitary by a long stalk (arrowhead) with
zones of cartilage fusion appearing. Images produced in collaboration with Dr Hugo
Dutel, Muse´um National d’Histoire Naturelle, Paris.
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Figure 7.8: The buccohypophyseal canal in an adult specimen of Latimeria chalum-
nae. 3D reconstructions based on CT-scan acquisitions of the specimen MNHN-CCC
22. (a) lateral sagittal view showing the notochord (NC, yellow), the cranial cavity
(CC, purple) containing a very small and posteriorly placed brain (red arrowhead),
the basisphenoid (BaS, green) and the parasphenoid (PaS, red) (b) same structures
in closer view; the red arrowhead indicates the brain; the much elongated pituitary
gland extends from the brain towards the skull base in a groove formed by the ba-
sisphenoid (blue arrow). Images produced in collaboration with Dr Hugo Dutel,
Muse´um National d’Histoire Naturelle, Paris.
7.4.1 Endoderm/ectoderm limit and pituitary formation
The absence of endoderm in the hypophyseal placode in mice is of importance from
an evolutionary point of view. It is believed that in the common ancestor of all
vertebrates, the hypophyseal placode and the nasal placode were fused into a sin-
gle median structure called the nasohypophyseal placode (Janvier, 1996; Kuratani,
2004). The plesiomorphous state of the nasohypophyseal placode is thus proposed
to be a single midline structure. The further steps towards the character state
observed in tetrapods are considered to be: (1) separation along the midline into
a single midline nasal placode and a single median hypophyseal placode and (2)
duplication perpendicular to the midline of the nasal placode into two paired, later-
alised, structures (Janvier, 1996; Gai et al., 2011). The duplication of the ancestral
median nasal placode is believed to be a major step towards the acquisition of jaws
by vertebrates, by allowing the migration of the trigeminal neural-crest cells towards
the lower parts of the face (Kuratani, 2005). There are only two extant jawless ver-
tebrate groups: hagfish and lampreys. In lampreys, even though the nasal placode
is a single midline structure, the development of the hypophyseal region is similar,
and probably homologous, to that in gnathostomes, except for the dorsal shifting of
the distal opening of the hypophyseal duct, due to the enlargement of the oral hood
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(Uchida et al., 2003). In contrast, in the case of hagfishes, there is a controversy
about whether the endoderm contributes to the formation of the hypophyseal pla-
code (Gorbman & Tamarin, 1985). Our results about the position of the anterior
oral endoderm boundary in mice stress the fact that a posterior displacement of
the endoderm boundary may have been associated with the evolutionary dislocation
of the nasohypophyseal placode. Further studies on the lineage of this placode in
lampreys and hagfishes are nevertheless necessary to address this issue.
7.4.2 Evolutionary overview of the persistence of the buc-
cohypophyseal canal
The evolution of the BHC raises two issues: (1) the ancestry of its persistence
and (2) the association of the absence/presence of the BHC with modifications of
other midline structures. It has already been shown that in chondrichthyans and
sarcopterygians, the persistence of the BHC is associated with a broad midline. Here
an overview of the different craniates groups is proposed, with a discussion of the
BHC-related evolutionary trends (figure 7.9).
Agnathans are located at the very base of the vertebrates. The analysis of their
endoskeleton is problematic as the cranial base of agnathans does not have simple
homologies with the cranial base of gnathostomes. However, extant groups such
as hagfishes (de Beer, 1937), as well as extinct groups such as galeaspids (Gai et
al., 2011) and osteostracans (Janvier, 1996) possess an anteriorly open duct leading
from the hypophysis to the terminal or dorsal surface of the brain case.
The placoderms, generally referred to as stem gnathostomes and sister group to
all modern jawed vertebrates, retain an open BHC. This is evident in arthodires,
antiarchs, phyllolepids and acanthothoracids (Janvier, 1996). Of note, the morphol-
ogy of the placoderm parasphenoid varies from a flat shallow superficially laying
denticulated plate pierced by a BHC opening to a complicated bony element incor-
porated into the cartilaginous cranial base (Stensio¨, 1963). Within acanthodians,
now considered as an extinct paraphyletic group at the base of osteichthyans and
chondrichthyans (Brazeau, 2009), the BHC is persistent in the few species in which
the cranial base is described (Janvier, 1996; Brazeau, 2009). These data on stem
gnathostomes suggest that an open BHC is a plesiomorphic condition for crown
jawed vertebrate (i.e., chondrichthyans and osteichthyans).
The fossil chondrichthyans which possess an open BHC (see above) are resolved
as stem chondrichthyans in recent phylogenetic studies (Brazeau, 2009). By contrast,
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Figure 7.9: Interrelationships of fossil and extant vertebrates. Red lines indicate
the closure of the buccohypophyseal canal. Abbreviations: actinopt., actinoptery-
gians; euchon., euchondrocephalians; neosel., neoselacians; tretrapodomor.,
tetrapodomorphs. Topology based on data from literature (review in Janvier
(1996)).
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crown chondrichthyans, such as the living neoselachians and holocephalans, display
a closed BHC. Moreover, basal relatives of these two modern clades (e.g., the Cre-
taceous neoselachian Synechodus (Maisey, 1985); the Carboniferous holocephalan
Iniopera (Pradel, 2010)) also possess a closed canal. The different conditions found
in stem chondrichthyans on the one hand, and in crown chondrichthyans on the
other hand, suggests that an open BHC is a primitive feature for chondrichthyans,
and that the closure of the canal occurred in more advanced chondrichthyans. As
the closure of the canal is correlated with modifications in the midline (see above),
this evolutionary pattern supports the hypothesis that the transition between groups
with persistent BHC and groups with closed BHC occurred by modulations in the
expression territories of Shh-related genes.
Within modern actinopterygians, the distribution of an open BHC does not seem
to carry a strong phylogenetic signal, as the canal can be either open or persistent
in closely related species (for instance within the Galaxioidea, Suter et al. (2004)).
Nevertheless, a persistent BHC is probably an ancestral character for actinoptery-
gians, as Paleozoic stem actinopterygians, such as Mimia and Kansasia (Gardiner,
1984; Poplin, 1974) possess a persistent BHC. Polypterus, which is considered as an
extant example of the most basal actinopterygian, retains - yet to various extents
- a persistent canal (de Beer, 1937; Janvier, 1996). Furthermore, an open canal is
also retained in the teleost Elops, regarded as a plesiomorphic taxon of that group
(Olsson, 1958). It is noteworthy that the development of the adenohypophysis in
teleosts does not involve a Rathke’s pouch, but instead an unfolded epithelial in-
vagination (Chapman et al., 2005), which has no major bearing on the question of
the persistence of a BHC.
It is known that Palæozoic stem sarcopterygians such as Guiyu (Qiao & Zhu,
2010) have a persistent buccohypophyseal canal. The same holds for ancestral dip-
noans and coelacanths (Janvier, 1996; Forey, 1998). As seen above, the brain cases
of stem actinistians display an open BHC with an oral opening, while in modern
coelacanths, there is no oral opening of the BHC. A persistent BHC with an open-
ing on the oral side of the parasphenoid appears to be the ancestral condition in
sarcopterygians and actinistians. Within tetrapod-like species, both Eusthenopteron
and Tiktaalik have a BHC that opens into the oral roof through the parasphenoid
(Janvier, 1996; Downs et al., 2009). Within the tetrapod crown group, this character
is lost, except in lissamphibians at larval stages (Trueb, 1993). In fact, in tetrapods,
no canal is found in any extant adult species but paleontological data indicates that
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this state of character is derived: the ancestral tetrapod Ichthyostega (Jarvik, 1952)
had an open BHC, although the parasphenoid remains free of openings in the midline
in more derived anthracosaurs and temnospondyl labyrinthodonts.
In summary, it appears that the BHC was open in most early vertebrates and
in the stem taxa of all the major groups examined in this study, mainly before the
Mesozoic.
7.4.3 Functional hypothesis on the bucco-hypophyseal canal
Mechanosensory osmoreceptors have been described in the pituitary of the few
teleosts that retain an open BHC (Chapman et al., 2005; Seale et al., 2005) and
could subsequently indicate involvement of an open BHC in osmoregulation and
adaptation to the salinity of the water (Lebedev, 2011). The persistence of this
structure might suggest special environmental conditions in the Palæozoic basins
inhabited by vertebrates such as permanently inconstant salinity level (Lebedev,
1992). Changes in the environment to modern-type aquasphere and water salinity
regime might have resulted in the obliteration of the canal independently in the evo-
lution of various vertebrate groups. For instance, in chondrichtyans, the functions of
the BHC might have been replaced by the direct osmotic regulation of urea content
in blood via the epithelium of the orobranchial cavity. The canal might have become
redundant after moving to other environments, such as fully marine ones with more
stable salinity. Furthermore, the closure of the BHC in lower tetrapods might be
related to the transition from gill-breathing in water to air-breathing in amphibians.
Nevertheless, our evolutionary overview does not help to confirm theses hypothe-
sis, because the persistence of the BHC does not appear to be correlated with any
specific lifestyle or environment.
7.4.4 Relationship between BHC and carotid canals
Interestingly, the BHC in placoderms is often combined with the canals for the
internal carotids (Dennys-Bryan, 1995). The occasional fusion of the BHC with the
carotid canals is contributed by their anatomical relationship where they penetrate
the cranial base in close proximity to each other and are bordered laterally by the
paired trabeculæ cranii. Different types of fusions and occlusions of these three
canals are also observed within different groups at the time of cranial base formation
(figure 7.10 and (de Beer, 1937; Wada et al., 2011)). The blood supply on the
cranial base also follows a transition related to the anatomy of the BHC in modern
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chondrichthyans. In neoselachians and holocephalans the dorsal and lateral dorsal
aortas are free below the neuro-cranium, whereas in some basal chondrichthyans the
dorsal aorta is enclosed into the basicranial canal (e.g., ’Cobelodus ’ Maisey (2007)
and in all basal chondrichthyans the lateral dorsal aortas run into the cranial base
canals, as for instance in Cladodoides (Maisey, 2005). In addition, in neoselachians
the posterior part of the cranial base arterial system forms a bell-shaped circuit
due to the laterally curving position of the lateral dorsal aortas posteriorly and
the V-shaped disposition of the internal carotid arteries anteriorly (Schaeffer, 1981),
whereas in basal chondrichthyans the cranial base circuit is narrower, more elongated
and lacks the posterior bell-shaped curve. In recent holocephalans, as well as in
some primitive holocephalans as in Iniopera (Pradel et al., 2009, 2010), the internal
carotid arteries abort during ontogeny (de Beer, 1937). Knowing that Shh expression
is necessary for the formation of the branchial arch arteries, the transition in the
structure of the cranial base arteries observed within chondrichthyans can potentially
relate to a modification in Shh expression domains (Kolesova´ et al., 2008).
7.4.5 Gene expression at tissue boundaries in Gas1 mutants
Reduced Shh signalling activity in the RP of Gas1−/− mutant mice, possibly results
in failed molecular patterning and morphogenesis of the pituitary gland. This further
causes a localised disruption in the formation of the basisphenoid. Nevertheless, as
RP is a possible signalling centre, speculations can be proposed on wider implications
of this structure for development of the cranial base and the craniofacial midline,
as the development of these regions has been described to be defective in Gas1−/−
mice (Seppala et al., 2007). In contrast, the major downward signals issued by the
diencephalon were not disturbed in Gas1−/− mice, that is coherent with a grossly
normal development of the neurohypophysis.
Interestingly, the fact that both Ptch1 and Gli1 were more strongly down-
regulated on the posterior wall of the pouch could also be related to the fact that
the pouch is a tissue boundary between anterior neural-crest derived territories and
posterior mesoderm-derived regions. In fact, it is shown here for the first time that
a genetic disorder specifically affects gene expression at the border of neural-crest
and non-neural crest tissues. While the role of this border has been emphasised in
different morphogenetic processes, such as suture patency (Merrill, 2006), differen-
tial gene expression related to this limit had not been reported. In this case, this
limit furthermore overlaps with the ectoderm-endoderm limit.
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Figure 7.10: Diagram of relationship between the trabeculæ, the polar cartilages,
and the hypophyseal cartilages, in A Fish, B Monotreme, C Placental mammal in
three successive developmental stages (1, 2, 3). a, auditory capsule; acc, alicochlear
commisure; bt, basitrabecular process; coc, cochlear capsule; fc, carotid foramen (in
blue); fh, hypophyseal foramen (in red); hs, hypophyseal stalk; ic, internal carotid;
p, parachordals; pal, processus alaris ; pc, hypophyseal cartilage; pl, lamina or-
bitonasalis ; px, polar cartilage; t, central stem; tt, trabecula cranii. Adapted from
plate 137 in de Beer (1937).
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7.4.6 High-resolution soft-tissue imaging
Virtual serial sections from CT-scanners provide the most reliable data source for
performing 3D reconstructions of embryonic structures. Using histological serial
sectioning followed by contouring and 3D reconstruction is a long process with in-
trinsic sources of error when it comes to the alignment of the successive sections,
despite efficient newly developed tools (Handschuh et al., 2010). Unfortunately,
soft-tissues emit a poor-signal in X-ray-based imaging methods. Here, it has been
have shown that simple staining methods with contrast agents associated with high-
resolution X-ray imaging devices allow a surprisingly good sub-micronic resolution
to be reached and visualise single cells such as mesenchymal cells, osteocytes and
chondrocytes. Furthermore, the developmental dynamics and growth morphology
of structures rarely described in details such as Rathke’s pouch (figure 7.2) can now
be studied at early stages with a better resolution than histology.
7.4.7 Midline duplication of the hypophyseal placode
Concerning the hypothesis on the evolutionary duplication of the nasal placodes after
their separation from the hypophyseal placode (Gai et al., 2011), it is interesting to
note that both single median nasal placodes in the midline (as in holoprosencephaly,
Hennekam et al. (2010)) and duplicated pituitaries (in anterior duplications of the
notochord, (Davis & Camper, 2007)) are described in several human syndromes,
thereby confirming the fact that duplication is a plausible evolutionary morpho-
genetic event in this region. As a further illustration of this point, placoderms can
display apparently paired buccohypophyseal foramina in their parasphenoid (figure
7.11) (Dennys-Bryan, 1995). This may be due to the fact that the paired carotid ar-
teries enter the brain case at this level. Interestingly, the three-dimensional structure
of the RP at E11.5 in mice, as revealed by synchrotron electron microtomography
also seems to indicate a tendency toward lateral duplication (figure 7.2).
With the current state of knowledge, the opening and/or closure of the BHC
in most species seems to be a marker of variations in the dosage of Shh and Shh-
related proteins during cranial base and midline morphogenesis. The correlation
found between the persistence of the canal and the structure of the cranial base is a
further illustration of the coexistence of agonistic and antagonistic effects for single
components of the SHH pathway, as already demonstrated for Gas1 (Seppala et al.,
2007).
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Figure 7.11: Variations in the buccohypophyseal canal foramen in two related Pla-
coderm species from the Early Devonian of Spitzbergen. Intraoral view of the paras-
phenoid. (a) Dicksonosteus, a basal Phlyctænid Arthrodire; single median buccohy-
pophyseal canal foramen (red arrowhead) and two lateral foramina for the internal
carotids (blue arrowheads). (b) Arctolepis, a derived Phlyctænid Arthrodire; paired
buccohypophyseal foramina (red arrowhead); the carotid foramina are not figured
but have the same configuration as in Dicksonosteus. Maximum width of the paras-
phenoid for each species: 8 mm. Adapted from Goujet (1984).
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7.5 Conclusion
One of the current leading theories on nasohypophyseal development is that ancestral
craniates had a large median nasohypophyseal placode acting as a barrier obstruct-
ing the migration of the trigeminal neural crest on the midline and preventing the
formation of jaws. The separation of the nasal placodes from the hypophyseal pla-
code, and the subsequent formation of paired nasal placodes from a single median
anterior nasal placode are considered as major events leading to the apparition of
gnathostomes, as this could have freed the anterior migration of the pre-mandibular
neural crest to form the palatoquadrates (Janvier, 1996, 2008; Kuratani, 2004). A
single, median BHC can be interpreted as a remnant of the ancestral gnathostome
state where the nasal cavities and the hypophyseal duct were two equally large and
important structures of the midline.
This deep remodelling of the facial midline structures was preceded by reorgan-
isation of the signalling centres and Shh-related proteins are good candidates for
being implicated in these evolutionary transitions (Kuratani & Ota, 2008). In this
study it has been shown that the persistence of BHC in mice can arise as a result of
disruptions in Shh signaling and is commonly associated with variable defects of the
pituitary and the anterior midline. Similarly in humans with mutations in the SHH
transcription factor GLI2 gene show pituitary anomalies (Roessler et al., 2003) and
a persistent BHC is an abnormality seen in humans with holoprosencephaly (Kjaer &
Fischer-Hansen, 1995). Malformations of nasal cavities have also been seen in SHH-
related anomalies, such as anterior pyriform stenoses in holoprosencephaly. This
draws further parallels between the persistence of the BHC and the formation of
the nasal cavities, two structures initially derived from the same ancestral placode.
Further knowledge on the persistence of the BHC could thus help to understand the
mechanisms controlling the formation of both these ducts.
7.6 Perspectives
The persistence of the BHC seems to be related to modulations in the expression of
Shh-related proteins, but the actual mechanisms of the opening/closure of this canal
are not elucidated in this study. The first step in the study of these mechanisms
would be to check for the presence of apoptosis in the region of the closing canal. In
order to progress in the understanding of the functions of the BHC, extant species
with an open BHC could be studied both anatomically and functionally: the teleost
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Elops saurus is a good candidate for such investigations, which could consist initially




Mechanical forces are perceived by cells during embryogenesis, growth and organ
maintenance via mechanotransduction processes. These processes involve – among
others – molecules such as PKD1 and PKD2, located on the shaft of the primary
cilia. Mechanotransduction is important in shaping growing organisms. It has been
shown in this thesis that the conditional deletion of Pkd2 induces severe growth ab-
normalities that are compatible with abnormal force perception. Furthermore, using
different systems, it has been demonstrated that, by applying external mechanical
forces, one can modify the craniofacial architecture, affect the anatomy of the brain
and interfere with sutural bone formation. These findings are of help in the under-
standing and the treatment of craniofacial abnormalities, where the interaction of
genetics and epigenetics has to be taken into account when building treatment plans
and designing surgical procedures.
The results of this thesis show that mechanical forces interact with craniofacial
development and growth. Forces provide information to cells via mechanotransduc-
tion processes. A proper understanding of craniofacial abnormalities cannot thus rely
solely on developmental genetics, and should include the study of epigenetic factors,
among which mechanical forces are probably the most relevant and universal contri-
butions. Mechanics and genetics have long been considered as acting independently,
in parallel, during morphogenesis (Hinrichsen, 1985; Blechschmidt, 2004). Based on
the growing knowledge on mechanotransduction processes, mechanical forces and
gene products can now be conceived as interacting. The study of these interactions
opens novel perspectives in the treatment of craniofacial disorders.
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Appendix A
REC-approved documents for the
study of the face in ADPKD
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Figure A.1: REC-approved information sheet for adult participants at Addenbrookes
Hospital in Cambridge.
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Patient Consent 




Title of Project   Dense surface modelling of the face of  
     patients with ADPKD 
 
Name of Researchers Richard Sandford, Peter Hammond,   





Please inital box to indicate agreement 
 
1 I confirm that I have read and understood the information sheet 
dated …. version … for the above study. I have had the opportunity 
to consider the information, ask questions and have had these 
answered satisfactorily. 
 
2 I understand that my participation is voluntary and that I am free to 
withdraw at any time, without giving any reason, without my 
medical care or legal rights being affected. 
 
3 I understand that relevant sections of any of my medical notes and 
data collected during this study, may be looked by the researchers 
involved in the study (Richard Sandford, Peter Hammond, Peter 
Winyard, Roman Khonsari). I give permission for these individuals 
to have access to my records. 
 
4 I agree to my GP being informed of my participation in the study.  
5 I agree to take part in the above study.  
 








1 copy for patient, 1 for Investigator and original to 
be kept in medical notes 
Figure A.2: REC-approved consent form for adult participants at Addenbrookes
Hospital in Cambridge.
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document age hospital
participant information sheet 5-10 Addenbrookes
participant information sheet 10-15 Addenbrookes
participant information sheet > 15 Addenbrookes (document A.1)
participant consent form 5-10 Addenbrookes
participant consent form 10-15 Addenbrookes
participant consent form > 15 Addenbrookes (document A.2)
participant consent form parents Addenbrookes
participant information sheet 5-10 GOSH
participant information sheet 0-15 GOSH
participant information sheet > 15 GOSH
participant consent form 5-10 GOSH
participant consent form 10-15 GOSH
participant consent form > 15 GOSH
participant consent form parents GOSH
Table A.1: Documents approved by the East London 3 Research Ethics Committee
for the study registered under the REC reference number 10/H0701/98. Adden-
brookes: Cambridge University Hospital; GOSH: Great Ormond Street Hospital.
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Synchrotron X-ray microtomography was used for the high-resolution imaging of the
molars in Pkd2fl/fl;Wnt1-Cre mice (figure 2.16), for the detailed imaging of cranio-
facial sutures (figures 6.4, 6.5, 6.6, 6.7) and for high-resolution soft-tissue imaging
of Rathke’s pouch (figure 7.2). This technique provides interesting informations on
structures such as Sharpey’s fibres, the fine anatomy of craniofacial sutures and
dermal bone vascularisation, which are not visualized by standard µ-CT devices.
The synchrotron facility at the ESRF (European Synchrotron Radiation Facility)
is a source of X-rays produced by highly energetic electrons moving in a large circle.
Electrons emitted by an electron gun are first accelerated in a linear accelerator
(linac) and then transmitted to a circular accelerator (booster synchrotron) where
they are accelerated to reach an energy level of 6 billion electron volts (6 GeV).
These high-energy electrons are then injected into a large storage ring where they
circulate in a vacuum environment, at a constant energy, for many hours. Each time
these electrons pass through an undulator, a device consisting of series of alternating
magnets, they emit X-rays, which are directed along beamlines (figure B.1).
A beamline is subdivided into 3 cabins (figure B.2):
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Figure B.1: European Synchrotron Radiation Facility: structure of the circular
accelerator. Courtesy of the ESRF.
1. an optics cabin, where mirrors and cristal optics are used to focus the raw X-
ray beam provided by the accelerator and to select the wavelength (or energy)
desired;
2. an experimental cabin, where the sample is put in the X-ray beam; detectors
capture and record the X-rays that pass through or reflect from the sample;
synchrotron detectors turn the X-ray photon into either an electrical signal;
3. a control cabin, where the user can position samples, adjust the beam and and
capture data.
Here detailed information is provided on the methods used to obtain soft-tissue
high-resolution synchrotron images. The experiments were preformed at the Eu-
ropean Synchrotron Radiation Facility (ESRF) in Grenoble, France, as part of the
projects EC-853 and MD-537 (documents B.3 and B.4).
Imaging soft-tissues with x-rays is an on-going medical challenge. In order to
increase the CT signal, injectable contrast agents such as iodine are commonly used
by radiologists. Based on these techniques, iodine staining has been developed for
imaging embryos in micro-CT devices (Metscher, 2009a,b). In fact, the 3D recon-
struction of soft-tissue structures such as dental germs using histological techniques
is not straightforward (Handschuh et al., 2010): it is much more precise to perform
high resolution virtual serial sections followed by segmentation. Nevertheless, the
resolution of current micro-CT scanners is not sufficient to study the smaller struc-
tures of interest in embryology. We show that synchrotron microtomography allows
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Figure B.2: Beamlines at the ESRF are subdivided into 3 cabins: the optics cabin,
the experimental cabin and the control cabin. ID19 (High-resolution Diffraction
Topography) is one of the beamlines of the ESRF. Courtesy of the ESRF.
capturing cellular-sized structures and can visualise the small developing organs as
early as E11.5 such as dental germs or Rathke’s pouch. These structures can then
be reconstructed in 3D after segmentation due to the sharp contrasts between the
different tissue layers.
B.2 Materials and methods
B.2.1 Tissue processing
In order to prepare samples for high-resolution soft-tissue imaging, CD1 mouse em-
bryos and adults were first fixed in 4% PFA overnight and then dehydrated gradually
up to 100% ethanol (details in sections 2.2.3.1 and 2.2.4. The dehydrated sam-
ples were stained overnight using 1% iodine metal (I2) in 100% ethanol (Metscher,
2009a,b).
B.2.2 Standard µ-CT soft-tissue imaging
The standard microtomography scans were performed using a GE Locus SP microCT
scanner (GE Healthcare) on E11.5 to E17.5 CD1 mouse embryos (10 specimens in
total) stained according to section B.2.1. The specimens were immobilised using
cotton gauze and scanned in alcohol to produce 14 µm or 28 µm voxel size volumes.
The 28 µm scans used image binning in order to increase the signal to noise ratio.
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Figure B.3: ESRF MD-537 proposal for the high-resolution study of craniofacial
sutures in mice and men.
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Figure B.4: ESRF EC-853 proposal for the high-resolution study of tooth germs
using X-ray microtomography after iodine-staining.
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X-ray voltage and current were 80 kVP and 80 µm respectively. The cone beam was
filtered using a 0.02 mm aluminium filter to remove lower energy X-rays. The pro-
tocol was the same as the one used in section 2.2.8. Data acquisition was performed
in collaboration with Dr Christopher Healy, King’s College London.
B.2.3 Synchrotron imaging of soft-tissues
An adult CD1 mouse head stained according to section B.2.1 and an untained adult
CD1 mouse head were scanned on the ID19 beamline of the ESRF using an isotropic
voxel size of 7.46 µm, with a single propagation distance of 400 mm. The beam was
produced by the U17.6 undulator closed at the gap of 25 mm, filtered by 2 mm
of aluminium. Such a configuration allows isolating mostly a quasi-monochromatic
spectrum, with an effective energy of 19.45 keV. In order to obtain differential con-
trasts for the different tissues of the specimen, a single distance phase retrieval
process was used (Paganin et al., 2002; Sanchez et al., 2012). This very simple ap-
proach allows generating 3D volumes with a high sensitivity, contrast and signal to
noise ration, while retaining high resolution and avoiding the propagation fringes
typical of edge detection scans. The full sample was scanned in a continuous mode
using 2499 projections of 0.1 s each over 360 degrees. The detector was based on
a 250 µm thick LuAG scintillator. Volumes were reconstructed using ESRF soft-
ware PyHST, that includes the single distance phase retrieval algorithm (Sanchez
et al., 2012). Sub-volumes were corrected for ring artefacts, and then concatenated
to generate a single stack of 16 bits tif slices. E11.5 to E17.5 CD1 mouse embryos
(15 specimens in total) stained according to section B.2.1 were scanned using a 0.7
µm optic in binning mode (voxel size 1.356 µm). The propagation distance was
50 mm. Half-acquisition was applied in local tomography using 3000 projections of
0.2 s each. The beam was produced by the U17.6 undulator closed at the gap of
20 mm. No filter was used. The effective energy was 19.2 keV. A single distance
phase retrieval process was used (Paganin et al., 2002; Sanchez et al., 2012), cou-
pled to an unsharp mask on the volume (Sanchez et al., 2012). Microtomography
was performed under the supervision of Dr Paul Tafforeau, European Synchrotron
Radiation Facility, Grenoble, France.
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Figure B.5: Soft-tissue imaging using standard µCT-scan after iodine staining at a
resolution of 7 µm. At E10.5, the head structures are poorly visualised. At E11.5,
the craniofacial anatomy is more clear but the limit between the oral epithelium
and the oral mesenchyme is not seen. Image obtained in collaboration with Dr
Christopher Healy, King’s College London.
B.3 Results
Standard µ-CT does not provide the resolution required to visualise developing
craniofacial structures such as tooth germs. Despite the contrast enhancement due
to iodine staining, this technique is not suitable for detailed studies in developmental
biology.
The 3D reconstruction of structures that are well-known in sections can provide
new insights on their anatomy. For instance, Rathke’s pouch was reconstructed in
3D at E11.5 and it was shown that this structure is heart-shaped (figure 7.2). The
two lobes of the pouch surround the evaginating diencephalon. This result is of
particular interest as it is known that certain phyla such as the Placoderms have
duplicated pituitaries along their mediolateral axis (Dennys-Bryan, 1995). Further-
more, cases of mediolateral pituitary duplications are reported in human patients
and mouse mutants (Davis & Camper, 2007). The lobular structure of the pouch
accounts for its potential duplication, and this configuration could only be seen
thanks to synchrotron X-ray microtomography. The same approach provided good
quality images of tooth germs at different stages of development, with the best im-
ages obtained before the onset of calcification (figure B.7) and of the central and
peripheral nervous system (figure B.8). Interestingly, synchrotron microtomography
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Figure B.6: Soft-tissue imaging using synchrotron radiation microtomography after
iodine staining. (a) Coronal section of a full CD1 mouse embryo at E13.5; mes-
enchymal condensation in the region of the nasal septum (red arrowhead), Jacobsen
organs (blue arrowhead), forming whiskers (blue arrow), Meckel’s cartilage (green
arrowhead), extrinsic tongue muscles (red arrow), molar tooth germs at bud stage
(yellow arrowhead); resolution 1.4 µm. (b) Coronal section of a full CD1 mouse em-
bryo at E14.5; molar tooth germ at cap stage (yellow arrowhead); resolution 0.695
µm. (c) Coronal section of a full CD1 mouse embryo at E15.5; molar tooth germ
at bell stage (yellow arrowhead); resolution 0.695 µm. (d) Coronal section of the
mandible in a CD1 mouse embryo at E15.5; incisor tooth germ (white arrowheads);
resolution 0.695 µm. (e, f) Coronal sections of the jaws of a CD1 mouse at E16.5
and E17.5; molar tooth germs at bell stage (yellow arrowheads). Scale bars 100
µm. Experiments performed under the supervision of Dr Paul Tafforeau, European
Synchrotron Radiation Facility, Grenoble, France.
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Figure B.7: Molar tooth germs in a CD1 mouse embryos at E13.5. (a) Coronal
section of the jaws at the intermaxillary commisure; molar germ at bud stage (blue
box). (b) Close view of the boxed region in (a); molar tooth bud (red star), ec-
tomesenchyme condensation (blue arrow), dental lamina (yellow arrow). (c) 3D
reconstruction of the germ in (b). Resolution 1.4 µm. Scale bar 50 µm. Experi-
ments performed under the supervision of Dr Paul Tafforeau, European Synchrotron
Radiation Facility, Grenoble, France.
APPENDIX B. SYNCHROTRON IMAGING OF EMBRYO TISSUES 236
Figure B.8: Central and peripheral nervous system imaging in CD1 mouse embryos
at E11.5 using synchrotron radiation microtomography after iodine staining. (a)
Coronal section of the pituitary region showing Rathke’s pouch; oral aspect of the
pouch (blue arrow); contact of the pouch with the diencephalon (red arrow); carotid
artery (green arrow). (b) Coronal section of the pituitary region showing Rathke’s
pouch embracing the diencephalon; bilobated body of the pouch (red arrow); de-
scending diencephalon (yellow arrow); carotid artery (green arrow). (c) Coronal
section in the region of the olfactory lobes showing the olfactory nerve descending
from the floor of the telencephalon towards the nasal mucosa (yellow arrow). (d)
Coronal section at the emergence of the optic nerve from the diencephalon (red star)
showing the optic stalk (blue arrow), the retinal pigmentary epithelium (red arrow),
the optic fissure (green star), the vitreous body (blue star), the retinal neural ep-
ithelium (NE) and the lens (L). (e) Coronal section in the region of the inferior olive
(red star) showing the forming cochlea (yellow arrow). Resolution 0.75 µm. Scale
bar 50 µm. Experiments performed under the supervision of Dr Paul Tafforeau,
European Synchrotron Radiation Facility, Grenoble, France.
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Figure B.9: Temporomandibular joint in an adult mouse, synchrotron microtomog-
raphy at a resolution of 5.06 µm; standard deviation calculated over 10 sections.
The joint cartilage (red arrow) and the chondrocytes are clearly differentiated from
the bone and the osteocytes. Experiments performed under the supervision of Dr
Paul Tafforeau, European Synchrotron Radiation Facility, Grenoble, France.
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can provide images of cartilage at a cellular resolution (TMJ chondrocytes in figure
B.9) without the prerequisite of iodine staining.
B.4 Discussion
Virtual serial sections from CT-scanners provide the most reliable data source for
performing 3D reconstructions of embryonic structures. Using histological serial sec-
tioning followed by contouring and 3D reconstruction is a long process with intrinsic
sources of error when it comes to the alignment of the successive sections, despite
efficient newly developed tools (Handschuh et al., 2010). Unfortunately, soft-tissues
emit a poor-signal in X-ray-based imaging methods. Here, it has been have shown
that simple staining methods with contrast agents associated with high-resolution X-
ray imaging devices allow a surprisingly good sub-micronic resolution to be reached
and visualise single cells such as osteocytes and chondrocytes. Furthermore, the
developmental dynamics and growth morphology of rarely described structures such
as Rathke’s pouch, Jacobson’s organs, Sharpey’s fibers at muscle insertions or joint
cartilages can now be studied at early stages with a better resolution than histology.
B.5 Perspectives
Synchrotron microtomography of soft tissues after iodine staining needs to be applied
to a wider range of tissues in order to screen for the range information this technique
can provide. From our initial results, it appears that calcified tissues induce artefacts
(figure B.7), which could limit the application of this technique to soft-tissues only
and/or to the earliest stages of development. In order to facilitate segmentation
and allow semi-automatic to automatic segmentation methods to be applied, the
influence of the duration and the type of staining on the contrast of the images should
be investigated. The results of the 3D reconstructions obtained using this technique
should also be compared with the results of the current standard reconstruction
techniques using serial sectioning followed by section alignment (Peterkova´ et al.,
1993).
Appendix C
Theoretical evidence for linear
instability in the early steps of
suture formation
The theoretical basis of the study of the instability described in the section about
mathematical modelling of mechanotransduction in skull vault sutures is detailed in
the following.
A perturbation x = εes(k)tI(y) was considered, with I(y) = sin(ky) for a mode
k ≥ 0, of an infinite plane (x, y) with an interface located around x = 0. The soft
tissue (mesenchyme) was located on the left side x < εes(k)tI(y) of the interface
whereas the rigid tissue (bone) was located on the right side x > εes(k)tI(y). A
Fourier analysis was performed to find the dispersion relation s(k) in subsection
C.2.3. This expression was linked to the relative variation of the cell density at the
interface ρˆ(0) which required to compute the solution of the linearised haptotaxis
equation (see Subsection C.2.2) depending on haptotaxis driving velocity v. This
was achieved by computing the linearised displacement u and the mechanical stress
σ explicitly (subsection C.2.1).
C.1 Principal stresses







The principal stresses vp 1 and vp 2, which were the eigenvalues of σ, were given
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by the following formulae:


















The directions of principal stresses, which were the eigenspaces, were directed by














FreeFEM++ was used to compute the distribution of the mesenchyme cells in the
suture. In order to simulate the motion of the interface due to bone deposition,
a global displacement field v was first computed. This field was the solution of
a Stokes-like equation with rotational free conditions, where the displacement was
imposed as normal to the interface and proportional to the local fluctuations in
density of the mesenchyme:
−∆v + ∇⊥p = 0 and
rot v = 0, x ∈ Ωm with boundary conditions
v · t = 0 and v ·n = ρ − 1|Γ|
∫
Γ
ρ dγ on Γ = ∂Ωm.
The numerical parameters were found in previously published studies (see table
6.3).
C.2.1 Mechanical response to a sinusoidal interface
The linear response of the mechanical system to a sinusoidal modification in a half
plane was first computed. The analytic formulae which confirmed the fibre orienta-
tion computed numerically were then found.
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C.2.1.1 Computation of the linearised displacement
The linear system corresponding to the mechanical equations was a combination of
Lame´ systems. More precisely, defining u to be ug when x < εe
s(k)t sin(ky) and ud
otherwise, the partial differential equations system to solve read respectively on the





















































d = 0 when x > εe
s(k)t sin(ky).
(C.2)













The boundary conditions on the interface x = εes(k)t sin(ky) (continuity of the
Cauchy force and the displacement) read
ug(εe
s(k)t sin(ky), y) = ud(εe
s(k)t sin(ky), y),
σ(ug)n|x=εes(k)t sin(ky) = σ(ud)n|x=εes(k)t sin(ky).
(C.3)
The goal of this section was to determine the sign of s(k) depending on the different
quantities involved in the system. Dealing with a moving interface εes(k)t sin(ky) di-
rectly was difficult so, as classically proposed in free boundary problem analysis, the
change of variables ξ = x− εes(k)t sin(ky), η = y was performed, which straightened
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the interface. The chain rule to be used for the change of coordinates was
∂x = ∂ξ






ξη − εes(k)tk cos(kη)∂2ξξ
∂2yy = ∂
2

















and we dropped the primes as it was always clear from the names of the variables
which function was referred to. Using the expression of the stress tensor given in
section C.1, the following formulae for the components of the stress σ in the (ξ, η)
variables were obtained,

















x − εes(k)t(2µ+ λ)k cos(kη)∂ξuy. (C.5)
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System (C.2)–(C.3) then became, in the domain
(λ+ 2µ)∂2ξξu
x + µ∂2ηηu
x + (λ+ µ)∂2ξηu
y
+εes(k)t













x = 0, when ξ 6= 0,
(C.6)
with boundary conditions (at infinity),
lim|ξ|→+∞(2µ+ λ)∂ξux + λ∂ηuy − εes(k)tλk cos(kη)∂ξuy = F,














−εes(k)tk cos(kη)((λ+ µ)∂ξux + (2µ+ λ)∂ηuy) + (εes(k)t)2(2µ+ λ)k2 cos2(kη)∂ξuy] = 0
(C.7)
where [f ] denotes the jump of the quantity f at the interface ξ = 0, that is





u was then formally expanded in powers of ε :
u = u¯ + εes(k)tu˜ + o(ε), (C.8)
where u¯ was actually the solution of the Lame´ system for a straight interface. It
was then focused on the stability of such solution, namely the sign of s(k) in terms
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uyg,d(ξ, η) = 0,
(C.9)
where g referred to ξ < 0 and d to ξ > 0. Replacing u by (C.8) in system (C.6)–
(C.7), using the expression of u¯ and retaining the order ε quantities, the following






























s = 0. with s ∈ {g, d}










the following set of equations was finally obtained. (2µg,d + λg,d)∂ξξû
x







g,d + (µg,d + λg,d)∂ξηû
x
g,d + (2µg,d + λg,d)∂ηηû
y
g,d = 0,







[ûy] = 0, (C.13)
[− ((2µ+ λ)∂ξûx + λ∂ηûy)] = 0, (C.14)[
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The solution could be found by a separation of variables: û
x = Ux(ξ) sin(kη)
ûy = Uy(ξ) cos(kη),
where Ux and Uy had the particular form:








exp(kξ) + Cgξ exp(kξ)
Uxd (ξ) = Bd exp(−kξ) +Ddξ exp(−kξ)
Uyd (ξ) =
(










This form contained the Lame´ equations on each side as well as the behaviour
at infinity. To determine the four parameters Ag, Bd, Cg, and Dd the four continuity
conditions and the transmission conditions (C.12)–(C.15) on the interface ξ = 0
were used. Accordingly there was a layer of size of order k−1 in the ξ direction
as a response to the sinusoidal perturbation in the y direction. The details of the
computations of Ag, Cg, Bd and Dd are given in section C.2.4. As in the numerical
computations, it was assumed that the Poisson’s ratios for bone and mesenchyme









where A¯g and C¯g only depended on ν and Em/Eb and not on k or F .
C.2.1.2 Computation of the linearised stress
Here the expansion of the stress component with respect to εes(k)t was computed
using (C.4)–(C.5) and the decomposition of u in terms of (C.9) and (C.10)–(C.11).
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All computations were made in the left part since this is where they are required:
σxx = (2µ+ λ)∂ξu
x + λ∂ηu
y − εes(k)tλk cos(kη)∂ξuy
= F + εes(k)t ((2µ+ λ)∂ξU
x − λkUy) sin(kη) + o(ε)
= F + εes(k)t
(

























= F + Fεes(k)t
(
kHxx0 e




where again, Hxx0 and H
xx












Interestingly the asymptotic behavior Em/Eb → 0 could be studied since Em/Eb is




Hxx0 had the same sign as− 2
1− 2ν
3− 4ν < 0,
Hxx1 had the same sign as
1− 2ν
(1− ν)(3− 4ν) > 0.

































































As it was assumed Em/Eb small enough, then using the limit (C.36) and (C.37),





















(1 + ν)(1− 2ν)
(1− ν)(3− 4ν)
)
= − (1− 2ν)
2
(3− 4ν)(1− ν) ,
so Hxy0 was negative for the physical value 0 < ν < 1/2. The stress component in
the direction of the suture border was finally computed.
σyy = (2µ+ λ)∂ηu
y + λ∂ξu




F + εes(k)t (−(2µ+ λ)kUy + λ∂ξUx) sin(kη) + o(ε)
=
ν




















1− νF + εe
s(k)t
((





















A¯g − 3− 2ν
(1 + ν)
C¯g, (C.18)
Hyy1 = −Hxx1 .
Note Hyy0 could be considered negative because H
yy
0 had the same sign as the limit
which is
− 2ν(1− 2ν)
(1− ν)(3− 4ν) .
To simplify the system, it was notedHs = kHs0e
kξ+k2Hs1ξe
kξ for s in {xx, xy, yy}.
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In any case, H had the same negative sign as H0 when ξ was small.
The eigenvalues σ1 and σ2, given through (C.1), had the same expansions at
order ε as σxx and σyy respectively. Interestingly enough, σxy did not influence the
expansion before the order ε2. Consequently, the following property was found: in
the linear interface case, both principal stresses were positive and the larger one
was the one corresponding to σ1 (since the physical constraints on ν imposed that
ν/(1−ν) < 1). According to the rule for the orientation of fibres, the fibres orientated
along the principal direction e1 associated with σ1, which were then computed:
e1 =
1√































1 + εes(k)tHxx sin(kη) + o(ε)























































































G′ (1/ν − 2)(1−νν Hxx − (1−νν )2Hyy) sin(kη)





It was noted G = G(1/ν−2) andG′ = G′(1/ν−2). The sign of the second component
of e was actually given by the sign of − cos(kη) since Hxy was a negative function for
small negative ξ. In the concave regions of the suture border, sin(ky) was maximum
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in y = η. Thus cos(kη) was negative for greater η (that is above the concavity
symmetry axis) and positive for smaller η (below the concavity symmetry axis).
Consequently the fibres were diverging in a fan-shape pattern in the concavities,
simulating the insertion of Sharpey’s fibres in real sutures. In the convexities the
situation was reversed: the fibres were concentrated at the apex of the convexities.
Since in our model mesenchymal cells were instructed to move toward the bone
following the orientation of fibres, the self-organisation of the mesenchymal collagen
in response to mechanical stress implicated that osteogenic cells would concentrate at
the tips of the convexities (as it is the case in real sutures). This specific distribution
of osteogenic cells in the mesenchyme of the suture led to a progressive increase of
the depth of the concavities and to the onset of interdigitations.
C.2.2 Speed of bone deposition
The cell density was driven by haptotaxis. The corresponding equation read 0 = D∆ρ−∇ · (ρvhapto) for, t > 0 and x < εe
s(k)t sin(ky),
(D∇ρ− ρvhapto) ·n = 0 for t > 0 and x = εes(k)t sin(ky)
(C.20)
where the field v was the result of the local orientation of fibres
vhapto = χe . (C.21)
By rewriting the equation in the (ξ, η) variables and using the chain rule for the





(−2Dk cos(kη)∂2ξηρ+Dk2 sin(kη)∂ξρ+ k cos(kη)∂ξ(ρvy))
+ (εes(k)t)2Dk2 cos2(kη)∂2ξξρ
(C.22)
and for t > 0 and ξ = 0:
(1 + (εes(k)tk cos(kη))2)−1/2(D∂ηρ− ρvy − εes(k)tDk cos(kη)∂ξρ)(−εes(k)tk cos(kη))
+ (1 + (εes(k)tk cos(kη))2)−1/2(D∂ξρ− ρvx) = 0.
(C.23)
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ηηρ¯− ∂ξ(ρ¯v¯x)− ∂η(ρ¯v¯y) for t > 0 and ξ < 0,
D∂ξρ¯− ρ¯v¯x = 0 for t > 0 and ξ = 0.
Since it was known that v¯ = (χG, 0), this system was solved by the following
function:
ρ¯(ξ, η) = ρ0e
χGξ
D .
Order εes(k)t of System (C.22)–(C.23). The system read
0 = D∂2ξξρ˜+D∂
2
ηηρ˜− ∂ξ(ρ˜v¯x)− ∂ξ(ρ¯v˜x)− ∂η(ρ˜v¯y)− ∂η(ρ¯v˜y)
+Dk2 sin(kη)∂ξρ¯+ k cos(kη)∂ξ(ρ¯v¯
y) for ξ < 0,
D∂ξρ˜− ρ˜v¯x − ρ¯v˜x − k cos(kη)(D∂ηρ¯− ρ¯v¯y) = 0 for ξ = 0.
The variables were then separated and ρ˜ was investigated under the form
ρ˜(ξ, η) = ρˆ(ξ) sin(kη).
The system on ρˆ was then:
























D for ξ < 0,













































where J1 and J2 collected all the coefficients and were independent of ξ. It appeared





























































(χGD +k)ξ + J¯2ξe

























































































The degrees of freedom were set by requiring that ρˆ would decay to 0 when ξ
would reach −∞ (so that J¯− = 0) and by enforcing the boundary condition at ξ = 0











































































































































































The purpose of this section was to find the values of s(k) for which the interface
at x = εes(k)t sin(ky) = I at order ε when α = 1 in the haptotaxis field could be
obtained. This condition meant that the interface had to be forced to follow this
equation a priori. This equation was not a solution to the full non-linear system
but could be valid at the linearised level. The interface was located at φ = 0 where
φ satisfied the level-set equation
∂tφ+ v0
ρ− 〈ρ〉
〈ρ〉 |∇φ| = 0.
This equation translated into an equation on I :
∂tI + v0
ρ|x=I − 〈ρ〉
〈ρ〉 (1 + (∂yI)
2)1/2 = 0.
APPENDIX C. INSTABILITY IN SUTURE FORMATION 253
Then on one hand











ρˆ(0) sin(ky)dy + o(ε)
= ρ0 + o(ε)




+ o(ε) = 0.
In conclusion, the following dispersion relation was obtained:
s(k) = −v0 ρˆ(0)
ρ0
with v0 being a positive constant which did not depend on k. To study the behaviour
of the system with respect to k, the expression (C.24) was used to compute ρˆ(0) and
to perform short and long wave limits. Using the expression of ρˆ computed in the
last section, it read















































































































































































where k0 = χG/D (k0 depends on ν).
The sign of the expression above was easy to compute in terms of ν letting Em/Eb
going to zero (Em/Eb ≈ 10−2) where the limit of Hxx0 , Hxy0 , Hyy0 , H1 given by (C.16),
(C.17), (C.18) were computed through (C.36)-(C.37).
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The extreme values of this relation in the limit ν = 1
2
, resp. ν = 0 were then inves-










































These two limits did not depend on the specific choice of G. Thus the system was
stable with respect to short-wave variations in the limits ν = 0, 1
2
. Notice that
an unstable behaviour for some intermediate range of ν could be obtained. For
instance, with the specific choice G(x) = tanh(mx), the limit (C.26) was plotted as
a function of the modulus ν for different values of m in figure C.1. This pointed out
the complexity of the dispersion relation s(k).









































s(k) = −2v0k0 1− ν
3− 4ν < 0 .
As a conclusion, the regime k  k0 is always stable.
C.2.3.2 Anisotropic case
In this section, the effects of anisotropy on the dispersion relation were studied. It
was found that anisotropy enhances the instability of the process, as expected.
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Figure C.1: Dispersion relation s(k) in the short wave regime k  1 as a function
of ν ∈ (0, 1
2
)
for different values of m: m = 0.05,m = 0.1,m = 0.5,m = 1. Notice
that for m = 0.05 there is a range of values for ν where the process is instable in
the short-wave regime k  k0.
An anisotropic haptotaxis velocity was considered rather than anisotropic dif-
fusion in the direction of the fibres. It was assumed that this corresponds to an
equivalent problem, at least for computing the dispersion relation. Indeed the fibres
are oriented along the x−axis at first order (C.2.3.3). Therefore anisotropic diffusion






yyρ− ∂x(ρvx)− ∂y(ρvy) ,
with D1 > D2 (faster diffusion in the direction of fibers). The space scale was









Therefore the definition of the haptotaxis field (C.21) was replaced by:
vhapto = αχex + ey.
Plugging this expression in the dispersion relation, the following formula was
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Figure C.2: Dispersion relation for ν = 0.28,m = 1 and different values of the



















































where k0 = αχG/D. Using the asymptotic expressions of H1 and H
xy
0 , the relation







































In order to understand the influence of the anisotropy factor α on the dispersion
relation s(k), this factor was plotted as a function of k/k0 for various α. A translation
towards the positive side (meaning instability) was observed, with decreasing α (see
figure C.2).
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G− α 1− 2ν
4ν2(3− 4ν)G
′.















Clearly there exists α0 such that the process is unstable in the regime k  k0 for
α < α0 (see also figure C.2).















































As a conclusion, the regime k  k0 was unstable when α < 1−2ν3−4ν . This read
α < 0.234 for ν = 0.28.
C.2.3.3 Mechanotransduction and fiber orientation
From the relation (C.26), we observed that the ratio G
′
G
≥ 0 determined the sign




was a decreasing function of the parameter m which determined the
slope of G. When the function G was very stiff (m  1, meaning rapid saturation
from G(0) = 0 to G(+∞) = 1), then the ratio G′
G
was very small, meaning that the
fibres were less sensitive to variations in the local anisotropy of the stress tensor σ1
σ2
.
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Interestingly enough, the ratio G
′
G
accounted for the ability of fibres to transduce the
mechanical constrains and to orientate accordingly.
C.2.3.4 Conclusion on the dispersion relation
The growth exponent s(k) of a sinusoidal interface with mode k was precisely calcu-
lated. The sign of this exponent was investigated in various regimes. It was observed
that there always existed a range of parameters for which instability occurred. In
the isotropic case α = 1, this range of parameters was essentially determined by the
Young’s modulus ν and the ratio G
′
G
(see the limit (C.26) and figure C.1). In the
anisotropic case α < 1, instability was favoured. Furthermore, when α < 1
4
, then
instability always occurred in the limit Em  Eb and k  k0 (see (C.27)).
Finally it was noticed that the dispersion relation could lead to an infinitely
oscillating interface (instability in the regime k  k0). However, the width of
the transition from mesenchymal to bone tissue has been neglected. By taking
into account the (small) thickness of the interface, it is proposed that the modes
corresponding to wavelengths smaller than the typical width of the transition would
not grow. However in this case, the dispersion relation would be much more difficult
to compute and this point requires further studies.
C.2.4 Computation of Ag and Cg
It was noted α = (3µ + λ)/(µ + λ). The continuity and transmission conditions at
the interface provided:
1. Continuity (C.12) and (C.13):









Cg = −Bd + αd
k
Dd, (C.29)
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2. Transmission (C.14) and (C.15):








(2µ+ λ)d(−kBd +Dd)− λd(−kBd + αdDd) (C.30)


















































(C.32)-(C.33) could be replaced with


































































































































































(µd + µgαd)(2µd + λd)
− αg
















(1− Em/Eb)(1 + ν)(1− 2ν)






(1 + ν)(1− 2ν)





1 + (3− 4ν)Em/Eb −
1









(1 + ν)(1− 2ν)
(3− 4ν)(1− ν) > 0, (C.36)
lim
Em/Eb→0
A¯g =− (1 + ν)(1− 2ν)
1− ν < 0. (C.37)
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